■  -  ...  — —  : - 

^  AD-A136  408 

UNCLASSIFIED 

MEASURING  ACCURATELY  SINGLE 
NON-SINUSOIDAL  POWER(U)  AIR 
WRIGHT-PATTERSON  AFB  OH  G 
AFIT/CI/NR'83-78T 

-PHASE  SINUSOIDAL  AN 
FORCE  INST  OF  TECH 

C  LAVENTURE  1983 

F/G 

) 

14/2 

NL 

-1 

m 

© 

■ _ j 

REPORT  DOCUMENTATIOH  E  , 


AFIT/CI/NR'83-78T 


^  •  2  .  T  ACC  ESSION  NO 


KKAD  INarKLC  flONS 

iiKi-okK  foAUM.K ! :n';  form 


4  title  ■u'T  Subtitir)  5  T  rPe  OF  StPOflT  4  BEBiOC  COVEBED 

Measuring  Accurately  Single-Phase  Sinusoidal  and 
'  Non-Sinusoidal  Power  THESIS/D^^i^^^/yTION 


A ij  T  rt O ^  SI 


George  C.  Laventure,  Jr. 


9  PERPORMInG  OPG  Ani  2  aTiOM  NAmE  AnO  AOOPESS 


6  PEPPOflMisG  C^G.  P£PO«T  SwMaER 


•  .  contract  or  grant  NuM9ERr*; 


^o  program  Element  PROJECT.  TASK 
AREA  ft  RC^K  UNIT  numbers 


AFIT  STUDENT  AT: 


n  Con  trolling  office  name  anO  address 

AF IT/NR 

WPAFB  OH  45433 


12  REPORT  date 


<1.  number  of  paces 

185 


G  AOEnCY  nAmE  &  AOORESSn/  Jtiierent  trom  Conifollmg  Ottic%)  tS.  SECURITY  CLASS,  (ot  thi§  rmport; 

UNCLASS 

ISa.  OECLASSIF. CATION  OORnGRAOinG 

schedule 


'6.  CiSTRiSuTiON  statement  'o(  this  fteporr) 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


I*.  OiSTRi0uTiON  statement  Mb  strict  tntefMd  in  Block  20,  it  Jtfiortnt  ieom  R«porf/ 


i«.  Supplement  ARY  notes 

APPROVED  FOR  PUBLIC  RELEASE:  lAW  AFR  190-17 


>0-17  LYNyE.  WOLAVER 

Dean  for  Research  and 

Professional  Development 


IS  KEY  RQROS  ^Continum  on  rovorso  */d#  if  necossmry  tnd  idonfity  by  block  numbmr) 


20  ABSTRACT  fContinum  on  rovorso  »ldm  tt  noco99Mrjr  ond  Idontffy  by  block  numbMt} 


ATTACHED 


DO  I  j  AN  n  1473  £0  t,3n  of  I  NOV  SS  ;S  OBSOLETE 


.UNCLASS 

s£c.p|T<  Classification  of  t-is  »age  *'b,  >  o*/*  f-.f.t.j 


vrisF 


(D 


MEASURING  ACCURATELY  SINGLE-PHASE  SINUSOIDAL 
AND  NON-SINUSOIDAL  POWER 
by 

George  C.  Laventure,  Jr. 

B.S.E.E.,  California  State  University  at  Sacramento,  1980 


A  thesis  submitted  to  the 
Faculty  of  the  Graduate  School  of  the 
University  of  Colorado  in  partial  fulfillment 
of  the  requirements  for  the  degree  of 
Master  of  Science 

Department  of  Electrical  Engineering 
1983 


_4ec0sslon  For 

Nils  CRA4I  ' 
DTIC  Tab 

Unannounced 

•Tusuficatlor 


0^ 


Distribution/ 

Codoa 

|Av«ll  and/or  ' 
I  Special 

A-'l 


OD 


I 


ABSTRACT 


The  resulting  effect  of  a  significant  increase  in  non-sinusoidal 
signals  on  power  systems  and  equipment  due  to  the  application  of  new  power 
electronic  devices  is  a  question  yet  to  be  answered.  A  subquestion  in  tryine  to 
determine  the  effects  of  non-sinusoidal  signals  on  power  systems  and  equipment 
is  how  to  accurately  measure  these  signals.  This  thesis  makes  an  attempt  to 
answer  not  only  the  question  of  how  to  measure  accurately  single-phase 
sinusoidal  and  non-sinusoidal  power  but  also  toe  question  of  which  types  of 
power  and  energy  meters  are  most  accurate  and  are  less  affected  by  these  non- 
sinusoidal  power  variations.  This  thesis  compares  the  accuracy  of  various  power 
measurements  using  two  General  Electric  Type  P-3  Electrodynamometer  wattmeters, 
two  Clarke-Hess  Model  255  Digital  Wattmeters  and  one  General  Electric  Type  VM- 
63-S  Induction  Watthour  Meter. 

The  experimental  setup  used  to  test  the  accuracy  of  the  power  and  energy 
meters  consisted  of  using  a  standard  120  V,  60  Hz  single-  phase  source  which 
feeds  the  power  and  energy  meters.  The  power  and  energy  meters  were  connected 
to  the  specific  test  source  (either  ac,  half-wave  rectified,  or  bidirectional 
thyristor-controlled)  which  was  connected  to  the  test  load  (high  power-factor 
load,  R-L  load,  or  R-C  load).  y 

The  results  of  the  experimental  work  indicated  that  the  P-3  wattmeters  and 
the  Clarke-Hess  wattmeters  measured  accurately  sinusoidal,  non-sinusoidal  and 
half-wave  rectified  power.  The  accuracy  of  the  VM-63-S  induction  watthour 
meter  is  questionable  as  large  variations  in  averaged  power  readings  did  occur. 


■ 


r  ' 


f 

r 

i 

This  thesis  for  the  Master  of  Science  degree  by 
George  C.  Laventure,  Jr. 
has  been  approved  for  the 
Department  of 
Electrical  Engineering 
by 


I  _ 

[  Robert  W.  Erickson 


William  J.  Hanna 


Date 


■ 


Lavcnturc,  George  C.  Jr.,  {M.S.,  Electrical  Engineering) 
Measuring  Accurately  Single-Phase  Sinusoidal  and  Non-Sinusoidal 


Power 

Thesis  Directed  by  Assistant  Professor  Robert  W.  Erickson 

The  advance  of  technology  by  the  development  of  new  power 
electronic  devices  for  conversion,  inversion,  rectification  and  cy- 
c loconver sion  have  resulted  in  more  efficient  ways  of  transforming  and 
controlling  power  but  at  the  same  time  have  created  a  problem  at  times 
of  inducing  harmonic  distortion  and  a  dc  component  into  the  power 
system.  The  resulting  effect  of  a  significant  increase  in  non- 
sinusoidal  signals  on  power  systems  and  equipment  is  a  question  yet  to 
be  answered, 

A  subquestion  in  trying  to  determine  the  effects  of  non- 
sinusoidal  signals  on  power  systems  and  equipment  is  how  to  accurately 
measure  these  signals.  This  thesis  makes  an  attempt  to  answer  not  only 
the  question  of  how  to  measure  accurately  single-phase  sinusoidal  and 
non-sinusoidal  power  but  also  the  question  of  which  types  of  power  and 
energy  meters  arc  most  accurate  and  arc  less  affected  by  these  non- 
sinusoidal  power  variations.  This  thesis  compares  the  accuracy  of 
various  power  measurements  using  two  General  Electric  Type  P-3 
Elcctrodynaraomctcr  wattmeters,  two  Clarkc-Hcss  Model  255  Digital 
Wattmeters  and  one  General  Electric  Type  VM-63-S  Induction  Watthour 
Meter . 
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The  experimental  setup  used  to  test  the  accuracy  of  the  power 
and  energy  meters  consisted  of  using  a  standard  120  V,  60  Hz  single- 


phase  source  to  feed  the  power  and  energy  meters.  The  output  of  the 
meters  was  fed  to  the  specific  test  source  (either  ac ,  half-wave 
rectified,  or  bidirectional  thyristor-controlled)  and  from  this  source 
to  the  test  load  (high  power-factor  load,  R-L  load,  or  R-C  load). 

The  results  of  the  experimental  work  indicated  that  the  P-3 
wattmeters  and  the  Clarke-Hess  wattmeters  measured  accurately  sinu¬ 
soidal,  non-sinusoidal  and  half-wave  rectified  (where  a  dc  component 
is  present)  power.  The  accuracy  of  the  VM-63-S  induction  watthour 
meter,  based  on  the  limited  testing  done  in  this  thesis,  is  question¬ 
able  as  large  variations  in  averaged  power  readings  did  occur. 
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INTRODUCTION 


As  technology  has  progressed  in  the  last  20  years,  new  methods 
using  power  clcctrtonic  devices  for  conversion  (dc  to  dc),  inversion 
(dc  to  ac),  rectification  (ac  to  dc)  and  cycloconvcrsion  (ac  to  ac) 
have  evolved.  These  new  methods  have  resulted  in  more  efficient  ways 
of  transforming  and  controlling  power  but  at  the  same  time  have 
created  a  problem  at  times  of  inducing  large  harmonic  distortion  and  a 
dc  current  component  into  the  power  system.  The  advance  of  technology 
by  the  development  of  these  new  power  electronic  devices  has  created 
the  likelihood  of  power  signals  being  non-sinusoidal .  The  resulting 
effect  of  a  significant  increase  in  non-sinusoidal  signals  on  power 
systems  and  equipment  is  a  question  yet  to  be  answered. 

A  subquestion  in  trying  to  determine  the  effects  of  non- 
sinusoidal  signals  on  power  systems  and  equipment  is  how  to  accurately 
measure  these  signals.  Considering  just  the  question  of  how  to 
measure  non-sinusoidal  signals  on  power  systems  or  more  specifically, 
the  question  of  how  to  accurately  measure  single-phase  power  and 
energy  when  non-sinusoidal  or  dc  components  are  present  is  the  concern 
of  this  thesis.  The  way  of  measuring  single-phase  power  and  energy  is 
by  the  use  of  a  power  meter  (wattmeter)  or  an  cr.crgy  meter  (watthour 
meter).  There  ;n  c  many  different  typi  'f  wattmeters  and  watthour 
meters  availabl'  for  i^k.asuring  power  and  energy  but  their  ability  to 
measure  non-sinusoidal  power  and  energy  accurately  has  not  been 
sufficiently  proven.  Of  particular  concern  to  both  the  supplier  and 
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the  user  of  power  is  how  the  induction  watthour  meter  will  react  to 
these  non-sinusoidal  signals,  many  of  which  contain  a  dc  current 
component.  Since  the  induction  watthour  meter  is  designed  for 
measuring  ac  variations  only,  the  creation  of  a  dc  component  in  an  ac 
circuit  due  to  thyristor- controlled  sources  or  power-factor  motor 
control Icrjhas  led  to  the  question  of  whether  an  induction  watthour 
meter  is  accurate  enough  to  measure  modern  day  power  systems.  The 
questions  to  be  answered  by  this  thesis  are  not  only  how  to  measure 
accurately  single-phase  sinusoidal  and  non-sinusoidal  power  but  also 
which  types  of  power  and  energy  meters  arc  most  accurate  and  arc  less 
affected  by  these  non-sinusoidal  power  variations.  This  thesis  then 
is  an  attempt  to  compare  the  accuracy  of  power  measurements  using  two 
General  Electric  Type  P-3  E Icctrodynamomctcr 4,  two  Clarkc-Hcss  Model 
255  Digital  Wattmeters,  and  one  Genera J  Electric  Type  VM-63-S  Induction 
Watthour  Meter.  This  thesis  will  also  try  to  answer  the  question  of 
whether  the  older  analog  wattmeters  are  more  or  less  accurate  in 
measuring  sinusoidal  and  non-sinusoidal  power  than  the  modern  digital 
wattmeter;..  Secondary  ob  ji-ct  ive.s  of  lliis  thesis  arc; 

a)  to  define  the  ba.sic  power  dolinitiuns  associated  with  sinu- 
soid.il  power,  non-sinusoidal  power  and  power  factor. 

b)  to  in  eiimi'  familiar  with  and  vmdirstand  tlu;  basic  operation  of 
some  of  the  different  metering  equipment  available  for 
measuring  single-phase  power  and  energy. 

c)  to  define  measurement  standards  and  types  of  measurement 
errors . 

c)  to  define  the  basic  definitions  for  precision  and  accuracy, 
especially  as  applied  to  power  measurements. 


c)  to  become  familiar  with  and  understand  the  specific  operation 
of  the  Clarkc-Hcss  digital  wattmeter,  the  General  Electric 
P-3  electrodynamic  wattmeter,  and  the  General  Electric  in¬ 


duction  watthour  meter. 

f)  to  become  familiar  with  and  undc:rstand  the  factors  which 
affect  the  accuracy  of  the  Clarkc-Hcss  digital  wattmeter,  the 
General  Electric  P-3  electrodynamic  wattmeter,  and  the  Gen¬ 
eral  Electric  induction  watthour  meter. 

g)  to  verify  by  experimental  testing  whicli  types  of  meters  give 
accurate  measurement  of  sinusoidal  and  non-sinusoidal  power. 
This  thesis  work  is  broken  down  into  three  areas.  Part  I 

includes  a  discussion  of  the  general  background  information  uncovered 
during  the  liLeratur<i  search.  It  defines  the  basic  power  definitions 
of  sinusoid.il  power,  non-sinusoidal  power  and  power  factor.  It 
defines  the  measurement  standards  and  types  of  measurement  errors  that 
can  occur  when  performing  power  measurements.  It  defines  the  basic 
definitions  of  precision  and  accuracy.  Part  I  discusses  different 
types  of  power  and  energy  meters  and  treats  specifically  the  operation 
of  the  P-3  i- 1  ec  tro<iynamomet('r  wattmeter,  the  Model  255  digital 
wattmeter  and  the  VM-b3-S  induction  watthour  meter.  Part  1  concludes 
by  discussinj!,  the  factors  wliich  affect  the  accuracy  of  the  P-3 
wattmeter,  ilic  Node!  255  wattmctir  and  the  VM-63-S  watthour  meter. 
Part  1  fulfuills  tlie  secondary  objectives  (a  through  f)  of  this  thesis. 

Part  II  covers  the  testing  and  experimental  work  performed. 
It  discusses  the  pre-c|fpcrimental  analysis  and  the  criteria  used  in 
determining  the  accuracy  of  the  power  measurement.  It  discusses  the 
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v;irious  test  sources  (ac,  half-wave  rectified,  and  bidirectional 
thyristor-controlled)  and  the  characteristics  of  tVic  various  test 
loads.  Part  II  concludes  by  discussing  the  results  obtained  when 
measuring  .s  ing  1  c— phase  power  using  a  sinusoidal  source,  a  half-wave 
rectified  .source  and  a  th  yr  i  s  tor-con  t  ro  1 1  ed  source  with  a  high 
power-factor  load,  ;i  R-L  load  and  a  R-C  load.  Part  11  fulfills  the 
secondary  objective'  (g)  of  this  thesis. 

Part  111  states  the  general  conclusicms  drawn  from  this  thesis 
work  as  well  as  .summarizes  the  specific  conclusions  drawn  from  the 
I'xper imcntal  work  done  in  Part  II.  Part  III  concludes  by  making  some 
specific  recommendations  concerning  the  type  of  meter  to  use  when 
making  singli.:-;->ha;;o  pinver  measurement. s  and  by  m.-iking  soiae  .specific 
recommendations  concerning  possible  .idtli  tif-inal  re.';eai  ch  that  can  be 
done  with  rc,gar<i  to  inea.sur  i  ng  .single-pha.se  non-s  i  nn  .so  i  dal  power. 


TABLE  OF  CONTENTS 


Pag 

Introduction  . 

Part  I  -  General  Background  Information  . 

Chapter  1.  Power,  Periodic  and  Non-Periodic  Functions  .  .  . 

1 . 1  Power  . 

1.2  Periodic  and  Non-Periodic  Functions  .... 
Chapter  2.  Sinusoidal  Power,  Non-Sinusoidat  Power, 

and  Power  Factor  Tlieory . 

2.1  Sinusoidal  Power  . 

2.2  Non-Sinusoidal  Power  . 

2.3  Power  Factor  . 

Chapter  3.  General  Metering  Equipment  Available  for 

Measuring  Single-Phase  Power  and  Energy  . 

3.1  Power  Measuring  Meters  . 

3.2  Energy  Measuring  Meters  . 

3.3  Conclusions  . 

Chapter  4.  Operation  of  Specific  Metering  Equipment  Used 

for  Single-Phase  Power  and  Energy  Measurements 

4.1  Clarkc-lless  Model  255  V-A-W  Meter . 

4.2  General  Electric  Type  P-3  Electrodynasnic 

Wattmeter  . 

4.3  General  Electric  Type  VM-63-S  Induction 

Watthour  Meter  . 

Cliaptcr  5  Measurement  Standards,  Types  of  Measurement  Errors, 
Limiting  or  Guarantee  Errors,  Precision  and 


Accuracy 


t 


■4 


I 


5.1  Measurement  Standards 


Chapter  6 


Chapter  7 


Ch  a  p  t  e  r  8 


5.2  Types  of  Measurement  Errors  . 

5.3  Limiting  or  Guarantee  Errors  . 

5.4  Precision  and  Accuracy  . 

5.5  Conclusions  . 

Factors  Which  Affect  the  Accuracy  of  the 
Clarkc-Hoss,  Model  255  V-A~W  Meter  . 

6 . 1  Gross  Errors  . 

6.2  Systematic  Errors  . 

6.3  Random  Errors  . 

6.4  Limiting  or  Guarantee  Error  . 

6.5  Conclusions  . 

Factors  Which  Affect  the  Accuracy  of  the  General 
Electric,  Type  P-3  Electrodynamic  Wattmeter  .  .  . 

7 . 1  Gross  Errors  . 

7.2  Systematic  Errors  . 

7 . 3  Random  Errors  . 

7.4  Limiting  or  Guarantee  Error  . 

7.5  Conclusions  . 

Factors  Wliich  Affect  the  Accuracy  of  the  General 
Electric,  Type  VM-63-S  Induction  Watthour  Meter  . 

8.1  Gross  Errors  . 

8.2  Systematic  Errors  . 

8.3  Random  Errors  . 

8.4  Limiting  or  Guarantee  Error  . 


8.5  Conclusions 


Part  II  -  Testing  and  Experimental  Work  . 

Chapter  9.  Pre-Experimcntal  Analysis  and  Test  Procedures 

9.1  Prc-Exporimcntal  Analysis  . 

9.2  Criteria  Used  in  Determining  Accuracy  of  the 

Power  Measurement  . 

9.)  Experimental  Set-up  and  Procedures  . 

9. A  Power  Correction  Factors  . 

9.5  Characteristics  of  Various  Test  Loads  .  .  . 
Chapter  10.  Measuring  Single-Phase  Power  Using  a 

Sinusoidal  Source  . 

10.1  High  Power-Factor  Load  Test  . 

10.2  Resistive-Inductive  (R-L)  Load  Test  .  .  .  . 

10.3  Resistive-Capacitive  (R-C)  Load  Test  .  .  .  . 

10.  A  Conclusions  . 

Chapter  11  Measuring  Single-Phase  Power  Using  a 

Half-Wave  Rectified  Source  . 

11.1  High  Power-Factor  Load  Test  . 

11.2  Resistive-Inductive  (R-L)  Load  Test  .  .  .  . 

11.3  Resistive-Capacitive  (R-C)  Load  Test  .  .  .  . 

11.  A  Conclusions  . 

Chapter  12.  Mca.suring  Single-Phase  Power  Using  a  Thyristor- 

Controlled  Source  . 

12.1  High  Power-Factor  Load  Test  . 

12.2  Resistive- Inductive  (R-L)  Load  Test  .  .  .  . 

12.3  Resistive-Capacitive  (R-C)  Load  Test  .  .  .  . 

12.  A  Conclusions  . 


I 


/ 


Part  III  -  Thesis  Conclusions/Rccommcndations  . 

Chapter  13  -  Thesis  Conclusions/Rccommcndations  .  .  .  . 

13.1  Thesis  Conclusions  . 

13.2  Thesis  Recommendations  . 

References  . 

Appendix  1  -  List  of  Equipment  Used  in  Experimental  Work 


r 


I' 


PART  I 


General  Background  Inlormation 


CHAPTER  1 


POWER,  PERIODIC  AND  NON-PERIODIC  FUNCTIONS 

In  order  to  understand  how  to  measure  sinusoidal  or  non- 
sinusoidal  power,  it  is  helpful  to  define  the  terminology  associated 
with  each.  The  following  is  an  introduction  of  some  of  the  basic 
terminology  and  theory  relating  to  the  measurement  of  power  [1,2,3, 
4,5,6,71. 


1 ■ 1  Power 

Power  is  defined  as  the  rate  of  change  of  energy  with  respect 
to  time  or  the  rate  of  doing  work  and  can  be  expressed  as 


is. 

dt 


(1.1) 


The  electrical  unit  of  measurement  for  power  is  the  watt,  which  is 
equivalent  to  one  joule/sccond.  Power  (p)  is  considered  to  be  an 
instantaneous  quantity.  If  one  is  interested  in  measuring  power  over 
a  specified  time  interval  (c.g.,  for  several  periods),  then  the 
average  power  (P)  may  be  computed  by  integrating  the  instantaneous 
power  over  this  interval  and  the  following  results: 


,  to+nT 

P  =  J_  r  p  dT  (1.2) 

nT  ( 

'•o 

where  n  is  the  integral  number  of  periods,  to  is  the  initial  time, 
T  is  the  time  for  one  period  and  p  is  the  instantaneous  power.  In 
practical  applications,  however,  one  is  often  interested  in  the  energy 


used  and  as  a  result  watt-seconds  or  kilowatt-hours  arc  measured.  In 
my  experimental  work,  I  will  be  measuring  both  of  these  quantities. 

1.2  Periodic  and  Non-Periodic  Functions 

Before  defining  sinusoidal  and  non-sinusoidal  power,  it  is 
necessary  to  define  periodic  and  non-periodic  functions  or  waves  13, 
4,5].  A  periodic  function  is  one  that  satisfies  the  equation 

fCt)  =  f(t+nT)  (1.3) 

for  all  values  of  t  ,  where  n  is  an  integer  and  T  is  the  period. 
Basically,  a  periodic  function  is  one  that  repeats  itself  during  each 
period  of  time;  an  example  of  a  periodic  function  would  be  a  sine-wave 
or  the  waveform  shov-m  in  figure  1.1.  NOTE :  For  my  experimental  work 
all  voltage  and  current  (power)  waves  were  periodic. 


Figure  1.1  Periodic  Waveform 


A  non-pcriodic  function  or  wave  is  one  that  docs  not  satisfy 
equation  1.3  and  is  basically  non-repetitive  in  nature.  An  example  of 
a  non-periodic  function  would  be  random  noise  or  the  waveform  shown  in 


figure  1.2. 


Figure  1.2  Non-periodic  Waveform 

Most  power  appl  ication.s  involw;  the  use  of  periodic  current 
and  voltage  waves;  tlic.se  waves  may  be  sinusoidal  or  non-sinusoidal .  I 
will  next  define  sinusoidal  and  non-sinusoidal  power  and  some  related 
theory  for  each . 


CHAPTER  2 


SINUSOIDAL  POWER,  NONSINUSOIDAL  POWER 
AND  POWER  FACTOR  THEORY 


2.1  Sinusoidal  Power 

Sinusoidal  power  is  power  that  is  a  function  of  a  sinusoidal 
voltage  and/or  current  being  impressed  across  and/or  passing  through  a 
power  dissipating  element.  The  term  sinusoid  comes  from  the  re¬ 
lationship  that  exists  when  a  conductor  is  rotated  in  a  magnetic  field. 
The  rotation  of  the  conductor  in  a  magnetic  field  results  in  an  induced 
electromotive  force  (emf)  which  is  directly  proportional  to  the  sine 
of  the  angle  through  which  the  conductor  has  rotated  from  the  reference 
axis  (reference  figure  2.1). 


Figure  2.1  Nature  of  the  induced  emf. 

Source:  Herbert  W.  Jackson,  Introduction  to  Electric  Circuits  (New 

Jersey:  Prcnticc-Hal 1 ,  1965)  p.  282 


If  the  variations  in  alternating  emf  are  plotted  as  in  figure  2.1,  the 
resulting  graph  is  termed  a  sine  curve.  The  alternating  emf  that 
varies  in  accordance  with  the  sine  curve  is  called  a  sine  wave.  The 
power  resulting  from  a  sine-wave  voltage  and/or  current  is  sinusoidal 
power.  Sinusoidal  power  then  is  a  function  of  forcing  functions  or 
cmf's  that  arc  sinusoidal  in  nature. 

In  order  to  define  power  in  alternating  circuits,  it  is 
necessary  to  define  what  is  meant  by  real  or  average  power,  reactive 
power  and  apparent  power. 

The  real  or  average  power  (also  referred  to  as  true  power)  is 
defined  as  the  equivalent  dc  power  delivered  by  an  alternating  source 
or  the  equivalent  dc  power  dissipated  by  a  pure  resistance.  This 
relationship  is  based  on  figure  2.2  where  the  heat  dissipated  by  the 
resistance  for  the  dc  source  is  compared  to  the  heat  dissipated  by  tlio 
resistance  for  the  ac  source.  When  the  temperature  nu'asurcd  with  the 
ae  source  is  the  same  as  the  dc  sourc  then  the  average  electrical 
power  delivered  to  the  resistor  by  Che  ac  source  is  the  same  as  that 
delivered  by  the  dc  source. 


Figure  2.2  Power  Measuring  Test  Set-up 

Source:  Robert  L.  Boylcstad,  Introductory  Circuit  Analysis  (Ohio: 

Charles  E.  Merrill,  1977)  p.  331 


I 


In  sinusoidal  ac  power  applications  the  instantaneous  power 


delivered  by  an  ac  supply  is  given  by 
p  =  vi 

If  a  general  ease  is  considered  where 

V  =  Vm  sin  (wt+A) 
i  =  Im  sin  (wt+B) 

then 


p  =  Vmlm  sin  (wt+A)  sin  (wt+B) 


using  the  trigonometric  identity 


sin  X  sin  Y  = 


cos(X-Y)  -  cos  (X+Y) 


then 


P  = 


Vmlm 


cos  (A-B)  -  (2wt+A+B) 


The  plot  of  current,  voltage  and  power  is  shown  in  figure  2 


Figure  2.3.  Current,  Voltage  and  Power  Waveforms 
for  the  General  Case. 

Source:  Robert  L.  Boylcstad,  Introductory  Circuit  Analysi 

Charles  E.  Merrill,  1968)  p.  309. 


(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 


(Ohio: 


Note  that  the  second  factor  in  equation  (2.6)  is  a  cosine  wave  with  an 
amplitude  of  VniIm/2,  and  a  frequency  twice  that  of  the  voltage  or 
current.  The  average  value  of  this  term  is  zero,  producing  no  net 
transfer  of  power.  The  first  term  in  equation  (2.6)  has  a  constant 
magnitude  (no  time  dependence),  and  therefore  could  result  in  some 
net  transfer  of  power.  This  first  term  is  defined  as  the  Average 
power  (P)  and  is  measured  in  watts  (W)  or  kilowatts  (KW).  The  angle 
(A-B)  is  the  phase  angle  (6  )  between  v  and  i  .  Since  cos  (-6  )  = 
cos  (0)  the  magnitude  of  the  average  power  is  independent  of  whether 
v  leads  or  lags  i  .  The  average  power  for  equation  (2.6)  can  now  be 
rewritten  as 


p  =  Vwini 


cos  0 


(2.7) 


or  as 


P  =  cos  0  =  |Vi  III  cos  0 


(2.8) 


The  Apparent  power  of  a  system  which  applies  to  above  general 
ease,  is  defined  by  the  product  Veff  ^eff  VmIra/2  and  is  measured 
in  volt-amperes  (VA)  or  kilowatt-amperes  (KVA).  Its  symbol  is  Pg. 
The  apparent  power  can  be  expressed  as 


^a  =  '^cit  Icff  =  'V|  III  (2.9) 

Another  terminology  associated  with  apparent  power  is  Complex  power 
(S) .  Complex  power  is  defined  as  VI*  ;  where  1*  is  the  conjugate 
of  1.  For  an  example,  if 

V  =  IVlcj  ^  (2.10) 


r 


(2.11) 


I  =  Ivlci 

chon  T*=  |l|e“2^  (2.12) 

and  cho  complex  power  could  be  defim-d  as 

S  =  VI*  =  IvlllcJ^^^^  =  IVlIllc.)  ^  (2.13) 

or 

S  =  Ivl  1  l!  (cos  9  +  j  sin  6  )  =  P  +  jQ  (2.  U) 

The  magnitude  of  the  complex  power  |S|  is  also  referred  to  as  the 
Apparent  power  and  can  be  expressed  as 

IS:  =  |V1*1  =  IVllll  =  (/p2+q2  =  (2.15) 

Hie  reactive  power  of  a  .syst(;m  which  applies  Co  the  above 
general  cast;  is  defined  by  the  product  Vj,££  !,;££  sinO  and  is  measured 
in  vol t-ampcrcs-reactive  (VAR)  or  kilovar  (KVAR).  Its  symbol  is  Q. 
The  reactive  power  can  be  expressed  as 

Q=|Vl|llsin0=|Slsin6  (2.16) 

Considering  next  some  of  the  basic  linear  components  usc;d  in 
ac  power  applications,  the  instantaneous  power  can  he  defined  as 
f ol lows ; 

Rewriting  eipi.ition  (2.0) 

p  =  VI  cos  (A-B)  -  VI  cos  (2uit+A+B)  (2.17) 

a)  In  a  purely  resistive  circuit, 

Pr  =  IVl III  =  |i|2r  =  M  ^ 

K 


(2.18) 


and  the  resulting  voltage,  current  and  power  waves  are  shown 


in  figure  2.4. 


Figure  2.4  Voltage,  Current  and  Power 
Waveforms  for  Purely  Resistive  Circuit 

Source:  Robert  L.  Uoylestad,  Introductory  Circuit  Analysis  (Ohio: 

Charles  E.  Morrill,  1968)  p.  434. 


b)  In  a  purely  inductive  circuit, 

!Y  =  -  VI  cos  (2cot+A+B)  (2.19) 

and  the  re.sulting  voltage,  current  and  pciwv-  waves  are 
shown  in  figure  2.5. 


Figure  2.5  Voltage,  Current  and  Power 
Waveforms  for  Purely  Inductive  Circuit 

Source:  Robert  L.  Boylcstad,  Introductory  Circuit  Analysis  (Ohio: 

Charles  E.  Merrill,  1968)  p.  437. 


and 


c)  In  a  purely  capacitive  circuit, 


Pc  =  VI  cos  (2a)t+A+I5) 


(2.20) 


and  tlu'  resulting  voltage,  current  and  power  waves  are 
.shown  in  figure  2.6. 


Figure  2.6  Voltage,  Current  and  Power 
Waveform.s  for  Purely  Capacitive  Circuit 

Source;  Robert  h.  [Joyle.stad,  Introductory  Circuit  Analysis  (Ohio; 
Charlc.s  E.  Merrill,  1968)  p.  439. 

In  my  experimental  work  in  Part  II  of  this  report,  resistive 
(R),  resis t ive- indue t ivc  (RL)  .and  resistive-capacitive  (RC)  networks 
are  used.  The  resulting  waveforms  occuring  under  these  conditions 
would  be  between  tlie  extremes  above,  and  look  something  like  figure 
2.3. 

2 . 2  Non- si  nil  so  i  dal  Power 

Any  waveform  th.a"  differs  from  tlu-  basic  definition  of  the. 
.s  inusoid.'i  1  wavelorm  is  referred  to  as  nonsinusoidal  [1,2,3].  A 


periodic  nonsinusoidal  waveform  is  one  that  is  repetitive  in  time  and 
nonsinusoidal  in  form.  A  periodic  non.sinusoidal  wave  of  current 
passing  through  a  resistor  result.s  in  a  power  which  is  determined  by 
the  effective  or  rms  value  of  the  wave.  This  average  power  can  be  found 
by  direct  metering,  by  graphical  analysis  using  the  method  of 
integration  of  the  instantaneous  power  (the  product  of  v  and  i  )  ,  by 
determining  the  harmonic  content  of  the  nonsinusoidal  wave  and 
applying  Fourier  analysis,  and  by  a  method  based  on  the  principle  of 
reciprocity.  The  direct  metering  method  and  graphical  analysis  will 
be  used  in  my  thesis  work.  The  accuracy  of  direct  metering  using  an 
analog,  a  digital,  and  a  watthour  meter  will  be  compared  with  each 
other  and  compared  with  the  solution  obtained  by  graphical  analysis 
and  reported  on  in  Part  11.  The  method  of  calculating  average  power 
using  waveform  .synthc.s  i.s-  i.s  applied  wht'n  usini^  Che  principle  of 
reciprocity  and  Fourier  analysis.  Waveform  synthesis  is  combining  the 
parts  of  a  wave  so  as  to  form  the  entire  complex  wave.  In  order  to 
determine  the  average  power  in  ac  circuits  with  nonsinusoidal  wave¬ 
forms  using  waveform  synthesis,  the  fundamental  frequency,  which 
harmonics  arc  present,  their  relative  amplitudes  and  their  phase 
relationships  with  respect  to  the  fundamental  must  be  known.  The 
principle  of  reciprocity  i.s  used  in  the  Hammond  electronic  organ  to 
duplicate  the  tone  quality  of  various  musical  instruments  and  is  based 
on  the  principle  that  an  exact  duplicate  of  a  given  nonsinusoidal  wave 
can  be  obtained  by  adding  together  certain  harmonically  related  sine 
waves  with  proper  magnitudes  and  phase  relationships.  Fourier 
analysis  is  used  in  power  analysis  by  recombining  the  terms  of  a 


trigonometric  series  to  form  the  complex  waveform  [2,4,5,8,91.  Four¬ 
ier  analysis  can  be  applied  to  either  a  linear  or  nonlinear  network. 

In  the  case  of  a  linear  network  such  as  a  resistive  or  a 


series  resistive-inductive  (RL)  network,  with  a  iions inusoidal  waveform 
applied,  the  principle  of  superposition  can  be  used  as  shown  in 
figure  2.7. 


Figure  2.7  Applying  Principle  of  Superposition  to  Linear  Network 

Source:  Robert  L.  Boylestad,  Introductory  Circuit  Analysis  (Ohio: 

Charles  E.  Merrill,  1977)  p.  617. 

By  breaking  the  input  signal  down  into  a  scries  of  sources  and  looking 
at  the  effect  of  each  source  independently  on  the  linear  network,  the 
total  response  of  the  system  becomes  the  algebraic  sum  of  the  Fourier 
scr ics . 

Before  using  the  Fourier  scries,  it  is  necessary  to  define  the 
effective  value  of  a  waveform.  For  the  test  set-up  shown  in  figure 


Equation  (2.21)  states  that  in  order  to  find  the  effective  value 
(Ipff),  the  function  i(t)  must  first  be  squared.  After  squaring  i(t) 
and  plotting,  the  area  under  the  curve  is  found  by  integration.  This 
area  is  then  divided  by  the  period  (T)  to  obtain  the  average  or  mean 
value  of  the  squared  waveform.  The  final  step  is  to  take  the  square 
root  of  the  mean  value.  The  square  root  of  the  mean  value  is  the 
effective  value  or  "root-mean-square  (rms)  value."  The  general 
expression  for  the  effective  value  of  any  waveform  from  a  mathematical 
analysis  is  given  by: 


^  I  (f(t))2dt 

1  o 


(2.22) 


Applying  this  general  equation  to  the  following  Fourier  scr 


v(a)t)  =  +  Vi  cos  U)t  +  ...  Vf,  cos  nwt 

+  V|'  sin  wt  +  ...  +  sin  nwt 


(2.23) 


yields 


I  t 

Y  I  [v(u)t)]2dt 
o 


which  after  performing  the  indicated  operations  yields 


Vo2  +  Vi2  +  ..  +  +  Vj'^  +  . . .  Vn 


2  4.  '  2 


(2.25) 


and  since 


Vi2  /vA/vA 

7  =  \5^A\^/  ^ 


(2.26) 


then 


Similarly,  for 


(2.27) 


i(a)t)  =  To  ■•■  If  (i)t  +  ...  +  Ip  cos  no)  c 

sin  wt  +  ...  +  In’  sinnojt  (2.28) 


then 


Leff 


'I 


lo  (eff)^ 


^In^(cff)'-Il  ^(cfC)'^ 


(eff) 


(2.29) 


The  total  power  delivered  to  a  linear  network  is  the  sum  of  that 
delivered  by  the  corresponding  terms  of  the  voltage  and  current.  In 
the  following  equations,  all  voltages  and  currents  are  effective 
value  s : 


Pq-  =  +  Vjl[  cos  Oj  +  ...  +  cosBp  +  ...  (2.30) 
P'r  =  lo^P  ll^U  +  ...  +  In2R  +  .  .  .  (2. 31 ) 
Pt  ^  ^eff  P  “  '^eff/P  (2.32) 

In  the  ease  of  a  nonlinear  network  such  as  an  ideal  half-  wave 
rectifier  as  shown  in  figure  2.7,  the  impedance  of  the  circuit  docs 
not  remain  constant  throughout  tlic  sine  wave  voltage  and  current 
waveforms.  The  rectifier  is  a  nonlinear  device  and  causes  harmonics 
not  contained  in  the  input  waveform  to  be  generated.  As  a  result, 
superposition  cannot  be  applied  to  the  input  and  it  becomes  necessary 
to  know  the  total  makeup  of  the  source  at  the  output  of  the  diode.  By 
examination  of  the  waveform  of  figure  2.7,  it  can  he  seen  that  the 


Figure  2.7  Ideal  Half-Wave  Rectifier  Circuit  and  Waveform 


Source:  Robert  L.  Boylestad,  Introductory  Circuit  Analysis  (Ohio: 

Charles  E.  Merrill,  1968)  p.  532 

average  value  of  the  voltage  waveform  over  a  complete  cycle  is  not 
zero.  Thi.s  is  an  indication  that  a  dc  component  is  present  in  addi¬ 
tion  to  the  harmonically  related  sine  waves.  The  Fourier  equation  for 
the  voltage  wave  of  an  ideal  lialf-wuve  rectifier  is 


Vj,  =  0.318  Vjji  +  0.500  V,„  sin  0)1  -  0.212  Vj^  cos  2  o)  t 


-  0.A026  Vn,  cos  4o)t  -  ...  - 


2V^  cos  n0)t 


(2.33) 


where  n  is  an  even  number  and  is  the  maximum  voltage  across  the 
resistor.  The  total  power  delivered  to  this  nonlinear  network  can  be 


calculated  by  equations  2.30  through  2.32.  This  nonlinear  diode- 
resistor  circuit  will  be  used  in  the  testing  in  Part  II  of  this  report. 


Generally  speaking,  for  either  linear  or  nonlinear  networks 
the  average  power  can  be  expressed  as  the  sum  of  the  dc  power  (Pjq),  the 
fundamental  ac  power  (Pp)  and  the  sum  of  the  total  harmonic  power  (Pji) 


where 


Total  Power  =  Eje  +  Epip  cos  0p  +  Ej^Ijj  cos  6  jj  (2.34) 


or 


PT  =  Pdc  +  Pp  Pr  (2.35) 

Tt  is  important  to  note  that  only  voltage  and  power  at  Che  same  fre¬ 
quency  combine  to  produce  average  power,  and  Chat  the  sign  of  the 
harmonic  powt^r  term  depends  upon  Che  power's  point  of  origin  in  the 
network.  This  liarmonic  power  term  is  of  interest'  because  the 
commercial  induction  watthour  meter  used  to  measure  the  energy  used  by 
the  customer  will  measure  in  error  based  on  the  direction  of  the 
harmonic  power  flow.  If  the  harmonics  arc  being  injected  into  the 
network  by  the  supplier  a  negative  registration  error  should  occur  in 
an  induction  watthour  meter  and  the  result  should  be  a  reduction  in  the 
customer's  bill;  if  on  the  other  hand  the  harmonics  arc  being  caused 
due  to  a  nonlinear  impedance  or  network  at  Che  customer's  end,  a 
positive  registration  error  should  occur  in  an  induction  watthour 
meter  and  the  ro.sult  should  be  an  increase  in  the  customer's  bill. 

The  following  discussion  on  apparent  and  reactive  non- 
sinusoidal  power  is  included  for  completeness  of  the  subject  area  but 
is  not  central  Corny  thesis.  It  docs,  however,  indicate  the  complexity 
of  trying  to  define  apparent  and  reactive  non-sinusoidal  power  and 
shows  that  serious  disagreement  exists  between  experts  [12,13,14]  on 
how  to  define  these  quantities.  In  the  articles  [12,  13]  by  Shepherd 
and  Zakikhani  apparent  power  is  defined  .is 
Tc  Ti 


S2  =  1  /  c2dt 

Tc  •'o 


T; 


i  d t  -  Si 


+  S\ 


(2.36) 


T 


f 


where 

Sjj  =  active  apparent  power 
=  true  apparent  power 
Sjj  =  apparent  distortion  power 

The  above  definitions  arc  classified  by  defining  that  portion  of  the 
apparent  power  due  to  active  current  (Ig)  as  apparent  active  power 
(S|^),  the  portion  caused  by  reactive  current  apparent  reactive 

power  (Sj{)  and  that  additional  portion  of  apparent  power  present  with 
nonlinear  loads  as  apparent  distortion  power  (Sq).  The  authors  never 
define  reactive  power  but  they  do  disagree  with  the  definition  of 
reactive  power  given  by  V.N.  Ncdclcu 


where 


n 


Q  =  I  Enin  0n  (2.37) 

1 

Also  the  article  [14]  by  Sharon  takes  slightly  a  different  approach 
than  cither  Nedt;lcu  or  Shepherd  and  Zakikhani  and  defines  apparent 
power  (S'j^  or  S)  as  being  made  up  of  the  quadrature  reactive  power  (Sq) 
and  a  complementary  reactive  power  (Sq) 
where 


s'x 

and 


sin2  +  negligible 


(2.38) 


Sq  ~  ^rms  In^  sin2  (j>j^)I^2 

1 

m  n  p 

=  I  ''n,2  i  1^2  cos2  +  v2^^g  ^  Ip2 

1  1  1 

L  b  Y 

+  1/2  I  I  (Vbly  '-'OS  (^Y  "  V  T^,  cos  (})[j)2 

11 


(2.39) 


1/2 


(2.40) 


The  above  equations  simplified  give  the  following  equations  for 


apparent  power 

S  =  (p2  +  Sq2  +  Sc2)1/2  (2.41) 

which  compares  with  the  1929  definition  of  apparent  power  in  a  non¬ 
linear  system  given  by 

S  =  (p2  +  q2  +  £,2)1/2  (2.42) 

where  P  is  the  average  power,  Q  is  the  reactive  power  and  D  is  the 
distortion  power. 

2.3  Power  Factor 

The  power  factor  of  a  circuit  is  universally  defined  as  the 
ratio  of  the  average  power  in  watts  to  the  apparent  power  in 
voltamperes,  where 

Power  Factor  (P.F.)  =  ^  (2.43) 

Apparent  Power  Pa 

This  definition  of  power  factor  is  independent  of  frequency  and  wave¬ 
form  and  applies  to  both  sinusoidal  and  nonsinusoidal  power.  The 
actual  meaning  of  power  factor  is  relative  to  the  type  of  power  under 
considerati on . 

In  the  ease  of  sinusoidal  power,  the  power  factor  angle  (G  ) 
is  defined  .is  the  phase  difference  between  the  voltage  and  current  in 
a  system,  where 

9  =  -  \I_  (2.44) 


( 


I 


•4 


This  phase  angle  indicates  how  close  the  load  is  near  to  being  effec¬ 
tively  resistive  or  how  close  the  load  is  near  to  unity  power  factor. 
The  power  factor  is  expressed  in  terms  of  the  power  factor  angle  where 

P.F.  =  cos  0  (2.45) 

At  unity  power  factor  (P.F.  =1,6  =0),  maximum  effective  power 
transfer  occurs,  that  is,  the  average  power  is  equal  to  the  apparent 
power.  Power  factor  can  further  be  classified  as  lagging  power  factor 
for  inductive  loads  and  leading  power  factor  for  capacitive  loads. 
Based  on  the  above,  the  cos  or  power  factor  has  real  or  recognizable 
meaning  in  sinusoidal  power  applications. 

On  the  oth<^r  hand  in  nonsinusoidal  power  applications  the  terra 
power  factor  can  take  on  various  meanings  and  is  not  easily  defined. 
Depending  on  the  sampling  time,  the  phase  relationship  between  voltage 
and  currtuU  could  change  from  leading  to  lagging  almost  instan¬ 
taneously  depending  on  tlie  applied  signal  or  the  nonlinearity  of  the 
load.  Any  attempt  to  associate  the  power  factor  with  cos  6  leads  to 
difficulty  since  there  is  no  longer  a  single  phase  angle  between 
voltage'  and  current  waveforms  but  a  separate  phase  angle  for  each 
frequency  component  (reference  equation  2.29).  Power  factor  takes  on 
a  wide  variety  of  definitions  depending  on  application.  For  example, 
in  a  thyristor  controlled  resistive  load,  P.J.  Gallagher  and  W. 
Shepherd  in  tlicir  articles  [15,  16]  have  defined  power  factor  as 

P.F.  =^per  unit  powe.r  =  \J^Powcr  (pu)  (2.46) 
and  in  a  single-phase  series  R-L  circuit  with  load  voltage  controlled 
by  symmetrical  triggering  the  power  factor  is  given  by 


P.F. 


Power  (pu)  .  cos  6 


(2.47) 


where 

0  =  tan”^  (ojL/R)  (2.48) 

also  several  authors  ll5,  16,  17]  have  defined  power  factor  for  non- 
sinusoidal  applications  in  terms  of  a  displacement  factor  and  a 
di.stortion  factor.  Specifically  in  thyri.stor  controlled  circuits  with 
sinusoidal  supply  voltage,  the  power  factor  is  expressed  as 


where  the  distortion  factor  Ij/l  is  largely  diu'  to  load  impedance 
nonlinearity  and  the  displacement  factor  cos  Oj  is  largely  due  to 
load  reactance. 

It  was  also  observed  in  several  articles  covering  passive- 
network  compensation  that  power  factor  can  take  on  many  different 
definitions  depending  on  type  of  compensation.  Some  of  these  formulas 
arc  given  in  table  2.1. 

Generally  speaking,  power  factor  can  take  on  a  variety  of 
definitions  and  meanings  depending  on  applications  and  types  of  power 
signals  used.  For  my  experimental  work  power  factor  is  not  a  criti¬ 
cal  measurement  variable  and  is  addressed  here  for  general  infor¬ 


mational  purposes  only. 


Tabic  2.1 


Power  factor  Witli  Different  Forms  of  Passive-Network 
Compensation  Connected  at  Supply  Terminals 
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CHAPTER  3 


GENERAL  METERING  EQUIPMENT  AVAILABLE  FOR  MEASURING 
SINGLE-PHASE  POWER  AND  ENERGY 

There  arc  numerous  different  types  of  meters  available  for 
measuring  average  power  and  energy.  This  cliapter  will  list  some  of  the 
various  meters  available  and  the  basic  principle  of  measurement  used 
in  each. 

3.1  Power  Measuring  Meters 

Instruments  designed  to  measure  the  .amount  of  average  power 
consumed  in  a  circuit  are  known  as  wat  tnu' t  i.'r  s  [23,24,31].  Some  of  the 
various  types  of  wattmeters  available,  their  basic  operating  principle 
and  tlu'ir  principle  use  will  bo  described  next. 

( 1  )  E  1  ec  t  r(>dynaiiiomi- ter  Wac  tme  ter 

Tile  electrodynamometer  or  dynamomt  ter  is  a  direct  in- 
dic.'itiug  wattmeter  that  measures  the  average  power  in  a 
circuit  by  d<'vcloping  a  torque  which  is  proportional  to  the 
current  in  ttie  fixed  and  moving  coils  wliich  is  proportional 
to  the  average  power.  This  relationship  for  determining 
power  can  be  expressed  as  follows: 

P“Taili2  (3.1) 

The  dynamometer  wattmeter  lias  a  liigh  degree  of  accuracy 
(normally  0.23  percent  of  full  scale  in  a  precision  instru¬ 
ment)  and  is  used  as  a  standard  for  both  ac  and  dc  power 


T 


mccisuri'iiicnt  s . 


'I'hi'  dynanomctci'  is  jccuratc  for  ac  mcasurc- 


nK'uLs  will)  i  roiniciu' i  os  up  Lu  12‘)  Uk  witliouC  .spc'cial  cor¬ 
rection  curves  or  spi:ciul  compensating  networks.  A  problem 
may  occur  when  using  tlie  dynamometer  at  low  power  factor  due 
to  the  high  inductance  of  the  voltage  coil.  The  electro- 
dynamometer  is  u.sed  to  measure  both  sinusoidal  and  non- 
sinusoidal  power. 

( 2  )  Iron-cored  Dynamometer 

Tltc  iron-corod  dynamometer  is  a  direct  indicating  watt¬ 
meter  that  measures  the  average  power  in  a  circuit  by 
developing  a  torque  which  is  proportional  to  the  current  in 
the  current  and  moving  coils  which  is  proportional  to  the 
average  power.  This  relationship  for  determining  power  can 
be  e.xprcs.scd  as  follows; 


pa  T  i  j  i  2 


(3.2) 


An  int.jrior  view  of  an  iron-cored  dynai:iomctc:  wattmeter 
movement  is  sh<5wn  in  figure  3.1. 


Figure  3.1  Interior  View  of  Iron-cored  Dynamometer 
Wattmeter  Movement 

Source;  W.  Alexander ,  Instriimrnt.i  and  Measurements  (London: 
Cleaver-Hume  Press  LTD,  1962)  p .  66 


The  use  of  Che  iron-cored  dynaraometer  wattmeter  is 
largely  due  to  increasing  use  of  circular-scale  instruments; 
that  is,  instruments  having  scale  arcs  of  the  order  of  240®. 
This  instrument  can  only  be  used  on  ac  of  standard  industrial 
frequencies  and  is  of  normal  industrial  grade  accuracy  (1.0 
Co  1.5  per  cent  of  full  scale).  The  use  of  an  iron-core 
dynamometer  for  non-sinusoidal  power  measurement. s  would  not 
be  recommended  due  to  frequency  and  waveform  errors  and 
because  the  meter  would  not  measure  to  dc  component  of  power. 

( 3 )  Induction  Wattmeter 

The  induction  wattmeter  is  a  direct  indicating  wattmeter 
which  measures  the  average  power  in  a  circuit  by  developing 
a  torque  which  is  proportional  to  the  current  and  voltage  in 
the  fixed  voltage  and  current  coils.  This  relationship  for 
deLcrinining  power  can  be  expressed  as; 

p  or  T  a  or  ijv,  (3.3) 

The  induction  wattmeter  lia.s  .a  high  driving  torque  and 
is  almost  immune  from  effects  due  to  stray  fields.  The 
induction  wattmeter  is  of  industrial  grade  accuracy  and 
operate.s  on  ac  circuits  at  stated  calibration  frequencies 
and  temperatures.  The  use  of  an  indue t ion  wat tme ter  for  non- 
sinusoidal  power  mo.i su remen t s  would  not  be  recommended  as 
errors  could  be  introduced  due  to  the  dc  component  of  power. 

The  induction  wattmeter  is  essentially  a  watthour  meter 
in  which  the  moving  part  is  restricted  to  give  an  indication 
of  power  by  a  control  device  instead  of  being  free  to  rotate 


continuously  as  in  the  energy  meter. 

(<?* )  Electrostatic  Wattmeter 

The  electrostatic  (quadrant  electrometer  type)  watt¬ 
meter  is  a  direct  indicating  wattmeter  which  measures  the 
average  power  in  a  circuit  by  developing  a  torque  which  is 
proportional  to  the  average  power  absorbed  by  the  load.  The 
deflecting  torque  developed  is  proportional  to  the  charges 
on  the  plates  which  is  proportional  to  VjV2.  This  relation¬ 
ship  Cor  determining  power  can  be  ('xpressed  as  ; 

p  a  T  a  v^V2  (3.4) 

Tlic  electrostatic  wattmeter  has  been  built  following  the 
principle  illustrated  in  figure  3.2  i  ii  which  electrostatic 
forces  resulting  from  the  applied  line  potential  and  the  IR 
drop  across  a  resistanci,-  (R)  provide  th.c  torque. 
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Figure  3.2  F.lectrostat  ic  Wattmeter 

Source:  Walter  Kidwell,  Elect rical  Instruments  and  Measurements 

(New  York:  McGraw-Hill,  1969)  p,  177. 

The  electrostatic  wattmeter  is  a  precision  or  laboratory 


wattmeter  and  normally  would  not  be  used  for  industrial 


applications.  It  is  used  for  the  mcasureinont  of  power  of 
small  magnitude  and  low  power  factor,  and  also  when  the 
voltage  of  the  system  is  high. 

( 5 )  Eioctrothermic  Wattmeters 

An  elcctrothermio  wattmeter  is  a  wattmeter  made  from  a 
pair  (' t  natclu'd  thennoe  lenu'nt  s  (  si-e  figure  3.3).  Thermal 
wattmeter  indicatit'iis  are  derived  from  tlie  temperature 
difference  (created  by  current  differtmee)  between  two 
heater  elenicnt.s.  Heater  currents  ij  and  i^  are  functions 
of  the  voltage  (c)  across  Che  load  and  tlic  load  current 
(i).  If  the  circuit  is  synmctrical  and  the  thermocouples 
matched,  the  voltages  produced  at  the  thermocouple  junc¬ 
tions  arc  identical  if  equal  currents  flow  in  the  heaters. 
The  thermocouples  arc  connected  in  polarity  so  that  they  arc 
opposing  each  other.  Wlien  there  is  no  load,  the  combined 
thermocouple  output  i.s  zero.  When  power  is  consumed  by  the 
load,  the  additional  current  through  Pj  unbalances  the 
bridge  and  produces  a  resultant  thermocouple  voltage  (V) 
which  i.s  proportional  to  the  load  power.  This  relationship 
for  detennining  power  can  be  I'xpresst'd  as 

Pav2  (3.5) 


Figure  3.3  Elec trothcrmic  Wattmeter 


Source:  Walter  Kidwcll,  Electrical  Instruments  and  Mea¬ 
surement  s  New  York:  McGraw-Hill,  1969)  p.  178. 

( 6 )  Digital  Wattmeters 

A  digital  wattmeter  .such  as  the  Clarkc-Hcss  Model  255  is 
.•1  modern  electronic  measuring  device  which  takes  the  load 
volt.igc  and  current  signals  and  multiplies  them  together  to 
give  an  instantaneous  power  output.  This  instantaneous 
power  output  is  [eti  througlt  an  output  filtering  network 
which  converts  the  instantaneous  power  signal  to  an  average 
power  ecjuivalent.  This  relationship  fni  determining  power 
can  be  expressed  as: 

P  «  iv  (3.6) 
This  average  power  equivalent  is  fed  to  an  analog- to- 
digital  (A/D)  converter  which  is  used  to  drive  a  count- 
cr/display  network  which  displays  the  average  power  in  its 
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equivalent  numeric  value. 


A  digital  wattmeter  can  be  used  to  measure  both  ac  and 
dc  sinusoidal  and  nonsinusoidal  power.  The  accuracy  of  a 
digital  wattmeter  such  as  the  Clarkc-Hess  Model  255  is 
dependent  on  frequency  and  power  factor  and  is  normally  in 
the  range  ^0.5  to  1.0  percent  of  full  scale  and  +  0.5%  of 
reading . 

3.2  Energy  Measuring  Meters 

Instruments  designed  to  measure  the  amount  of  power  consumed 
in  a  circuit  in  a  given  time  interval  arc  known  as  energy  meters. 
Some  of  the  various  types  of  energy  meters,  their  basic  operating 
principle  and  their  principle  use  will  be  discussed  next. 

( 1 )  Clock  Meter 

The  basis  of  this  meter  operation  consists  of  a  two- 
pendulum  clock  mechanism.  Two  sets  of  coils  arc  energized, 
one  set  by  the  current  passing  to  the  load  and  the  other  by 
the  supply  voltage.  The  voltage  coils  arc  carried  by  the 
pendulums  and  arc  subjected  to  a  magnetic  pull  on  swinging 
past  the  fixed  current  coils.  This  interaction  causes  an 
accelerating  force  on  one  pendulum  and  a  retarding  force  on 
the  other,  and  the  resulting  difference  in  time  period  of 
oscillation  of  the  two  pendulums  is  arranged  to  give  an 
indication  on  a  dial  register  mechanism,  proportional  Co 
the  energy  passing  through  the  meter. 


I 


The  clock  mechanism  is  suitable  for  both  ac  and  dc 
energy  measurements  but  the  mechanism  is  complicated  and 
costly,  and  is  now  seldom  used. 

(2 )  Motor  Meters 

Motor  meters  arc  energy  meters  that  work  on  the 
principle  of  motoring  action.  They  have  three  main  parts 
consisting  of  a  driven  rotating  element  (disk),  a  braking 
system,  and  a  clock  or  dial  register.  Tlic  rotating  element 
is  driven  at  a  speed  proportional  to  the  energy.  Pro¬ 
portionality  between  the  energy  and  speed  is  given  by  the 
braking  system,  which  supplies  a  controlling  action  pro¬ 
portional  to  the  speed  of  the  rotor  element.  There  is  no 
damping  system  and  the  deflecting  system  now  becomes  a 
rotating  sy.stcm  which  is  coupled  to  a  geared  mechanism  which 
registers  in  kilowatt-hours. 

There  arc  two  typos  of  motor  meU  rs.  The  mercury  motor 
met<.r  (see  figiin'  S.-'t)  which  is  used  ft)r  dc  energy  mea¬ 
surement  and  the  induction  meter  (see  figure  4.10)  which  is 
used  for  ac  energy  mc.asurcmcnts .  The  mercury  motor  meter 
is  essentially  an  ampere-hour  type  meter  but  can  be 
calibrated  to  read  kilowatt-  hours  since  the  supply  voltage 
will  normally  remain  constant.  Tlic  ac  induction  watthour 
meter  is  used  extensively  in  residential  and  industrial 
installations  and  is  treated  in  great  detail  in  Chapters  4 


and  8 . 


Figure  3, A  Mercury  Motor  Energy  Meter 

Source;  W.  Alexander,  Instruments  and  Measurements 
(London;  Cleaver-Hume  Press  Ltd.,  1962)  p.  J58 


3.3  Conclusions 


The  meters  to  be  used  for  the  measurement  of  sinusoidal  and 
non-sinusoidal  power  or  energy  for  standard  industrial  applications 
arc  limited  to  the  following  types  of  meters:  (a)  electro- 
dynamometer,  (b)  digital  wattmeters  and  (c)  induction  watthour 
meters.  The  electrodynamometer  and  digital  wattmeters  are  most 
accurate  and  operate  effectively  on  both  ac  and  dc  power  applica¬ 
tions.  The  induction  watthour  meter  is  most  commonly  used  to  measure 
industrial  energy  usage  and  is  subject  to  error  when  measuring  non- 
sinusoidal  power  with  high  dc  current  and/or  voltage  components.  For 
my  experimental  work,  all  three  types  of  meters  were  used  and  the 
results  arc  summarized  in  the  conclusions  of  Part  II. 


CHAPTER  4 


OPERATION  OF  SPECIFIC  METERING  EQUIPMENT  USED  FOR 
SINGLE-PHASE  POWER  AND  ENERGY  MEASUREMENTS 

This  chapter  covers  the  operation  of  the  power  and  energy 
meters  that  will  be  used  in  the  testing  phase  of  this  thesis.  It 
covers  specifically  the  operation  of  the  Clarkc-Hcss  Model  255  Digital 
V-A-W  Meter,  the  operation  of  the  General  Electric  Type  P-3  Electro- 
dynamic  Single-phase  Wattmeter,  and  the  operation  of  the  General 
Electric  Type  VM-63-S  Induction  Watthour  Meter.  This  chapter  contains 
a  discussion  of  the  general  ciiaractcr istics  of  each  measuring  device 
such  as  its  basic  operation  and  frequency  range.  It  covers  the  theory 
of  operation  for  each  meter  and  gives  a  short  conclusion  as  to  the 
accuracy  and  application  of  each. 

4.1  Glarkc-Hess  Model  235  V-A-W  Meter 
General 

The  Clarke-Hess  Model  255  V-A-W  meter  (sec  figure  4.1) 
measures  average  power  and  true  rms  voltage  and  current.  These 
measurements  arc  essentially  independent  of  the  waveshape  or  power 
factor  from  dc  up  to  a  frequency  of  100  KHz.  The  internal  wiring 
configuration  of  the  Model  255  [20]  is  composed  of  six  circuit  boards 
(see  figure  4.2)  with  the  input  conrols  being  integrated  on  the  Digital 
Control  section.  Electrically,  the  main  printed  circuit  boards  arc 


the  Analog  section,  the  Digital  Control  section,  and  the  Power  Supply 
section.  The  three  smaller  printed  circuit  boards  include  the 


Display /Counter  and  Latch  section,  the  Current  Attenuator  board,  and 
the  Voltage  Input  board. 


Figure  4.1  Clarke-Hess  Model  255  Digital  V-A-W  Meter 

Source:  Clarke-Hess  Corporation,  Operation  Manual  for  the  Clarke-Hess 
Model  255  V-A-W  Meter  (New  York:  Clarke-Hess,  1980)  Specifications 


Tlie  basic  operation  of  the  Model  255  when  used  for  power 
measurements  is  as  follow.s:  The  input  voltage  and  current  signals  are 
attenuated,  frequency  compensated,  and  amplified  and  sent  to  a  multi¬ 
plier  network  which  combines  both  the  instantaneous  voltage  and 
current  to  i)rodiicc  the  instantaneous  power  at  its  output.  Since  this 
instantaneous  power  output  i;>  independent  of  waveform,  the  Model  255 
measures  dc,  sinusoidal  and  non-s inusoida  1  power.  This  instantaneous 
power  output  is  next  fed  through  an  output  filtering  network  which 
converts  the  instantaneous  power  to  an  average  power.  The  average 
power  is  then  fed  to  an  A/D  converter  which  converts  this  average  power 
to  a  nCD  equivalent.  Tltis  BCD  equivalent  is  sent  to  the  Dis- 
play/Counter  network  which  displays  this  average  power  in  its  equi¬ 
valent  numeric  value.  A  more  detailed  explanation  of  this  operation 
fol lows . 
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Figure  4.2  Breakdown  of  Model  255  V-A-W  Meter  Circuitry 


Thoorv  of  Oporation 


The  operation  of  the  Clarkc-lless  Model  255  when  used  to 
measure  power  is  described  as  follows:  The  signals  to  be  measured 
enter  tlie  V-A-W  meter  via  the  voltage  anii  current  input  terminals  (sec 
figure  4.1  and  figure  4.3).  The  voltage  signal  is  attenuated  and 
frequency  compensated  via  a  re.sistive-capac  itivc  voltage  divider 
network,  and  fed  to  a  buffer  network  which  converts  the  higti  impedance 
input  to  a  low  impedance  outpi  l.  'flu'  output  of  the  buffer  is  then  sent 
to  the  two  stage  voltage  amplifier  portion  of  the  Analog  section.  This 
voltage  output  is  th('n  sent  to  tin,'  multiplier.  During  this  time 
interval  tlic  same  operation  is  occurring  on  the  current  signal.  The 
current  signal  is  converted  to  a  voltage  via  the  input  resistance 
bridging  network,  attcnuatc'd  and  frequency  compensated  before  being 
fed  to  the  two  stage  current  amplifier  portion  of  the  Analog  section. 
Note:  no  buffer  is  needed  for  input  impedance  conversion  as  the 

bridging  resistance  is  very  low  (30  milliohms  to  20  ohms).  This 
current  (actually  a  voltage)  output  i.s  then  sent  to  the  multiplier. 
The  multiplier  receives  the  two  analog  .'Signal  inputs  together  with 
contrtil  input.s-  and  produces  the  in.stantancous  product  of  the  inputs 
(  in.sLantancous  power).  Aftv:r  processing  by  the  multiplier  output 
circuitry,  the  low  frequency  (near  dc)  portion  of  this  product  is 
separated  out  by  the  output  filter  network  giving  an  average  power 
equivalent  which  is  fed  lo  the  Analog  to  Digital  (A/D)  converter.  The 
A/D  conversion  is  accomplished  by  an  Integrator/Comparator  network 
together  with  a  number  of  logic  conliol  circuits  from  the  Digital 
section  and  the  digit.al  counters  on  llie  <li:-,p!,iy  board. 
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The  operation  of  the  A/D  converter  is  broken  down  into  two 


periods  (see  figure  4.4),  known  as  SIGNAL  and  REFERENCE. 


Figure  4.4  A/D  Converter  Operation  i^criods 

During  the  SIGNAL  period  the  output  of  the  filter  network  is  applied  to 
the  Integrator  and  a  capacitor  is  charged  during  this  9.99  milli¬ 
second  interval  hy  a  current  (Hpi.al  to  the  output  filter  voltage  divided 
by  the  integrator  resistance.  At  tiie  end  of  this  SIGNAL  period  the 
output  filter  network  is  removed  and  a  reference  signal  is  applied  to 
the  integrator.  The  period  from  tlic  time  the  reference  .signal  is 
•applied,  which  is  the  length  of  time  necessary  to  completely  discharge 
tlic  capacitor  hack  to  zero,  i.s  known  as  the  REFERENCE  period.  The  end 
of  the  REFERENCE  period  is  gen(.'ratod  when  the  capacitor  reaches  zero 
volts  which  causes  the  Comparator  to  change  states.  It  can  be  seen 
from  figure  4.4  that  the  average  power  measurement  is  directly 
prop'  tional  to  the  output  filtci  voltage  applied  during  the  SIGNAL 


interval  but  is  measured  based  on  the  decay  time  (t)  of  the  REFERENCE 
interval.  The  output  voltage  at  the  end  of  the  SIGNAL  interval  can  be 
expressed  as: 

v^(to)  =  Kil>t„  (4.1) 

and  the  output  voltage  at  the  beginning  of  the  REFERENCE  interval  can 
be  expressed  as: 

v_^,(tQ)  =  K2t  (4.2) 

By  equating  the  SIGNAL  .and  REFERENCE  intervals 

K^Pto  =  K2f 


the  following  results: 


t 


(4.4) 


It  can  be  seen  that  the  average  power  (P)  can  be  equated  or  is  pro¬ 
portional  to  the  time  (t),  where 


t  K3  p  (4.5) 

This  time  period  (t),  which  is  a  measure  of  the  average  power,  is 
measured  by  the  use  of  a  digital  counter  network.  The  counter  output 
is  moved  at  the  end  of  the  REFERENCE  period  into  the  binary  coded 
decimal  (BCD)  latche.s  and  into  the  digital  display  latches  on  the 
Display  Counter  Latch  board.  Th^.  actual  v.iluc  of  the  average  power  is 
then  ri:ad  directly  from  the  display  on  the  front  of  the  Clarkc-lless 
meter . 


T 


Cone lus ion 


Because  of  its  ability  to  treasure  power  instantaneously  and 
independent  of  frequency  or  waveform  variations,  the  Clarkc-Hcss 
Model  255  nicasurcs  dc,  sinusoidal  and  noii-sinusoidal  power  up  to  a 
frequency  of  100  KHZ.  The  accuracy  of  the  Model  255  is  specified  as 
O.A  per  cent  of  full  scale  and  ^  0.2  per  cent  of  th<.'  reading. 

A. 2  General  Electric  Type  P-3  Elcctrodyn antic  Wattmeter 
General 

The  General  Klectric  (G.E.)  Type  P-3  Wattmeter  [21,22],  is 
referred  to  as  an  electrodynamometer  or  clcctrodynamic  instrument  and 
is  often  further  shortened  to  "dynamometer."  The  G.E.  Type  P-3  Watt¬ 
meter  is  shown  in  figure  A. 5. 


Figure  A. 5  General  Electric  Type  P-3  Electrodynamic  Wattmeter 

Source:  Gem'ral  Electric  Manual  of  Eli'ctric  Instruments,  GET-1Q87A 

(New  York:  General  Electric,  19A9)  p.  A7 


The  P-'l  wattmeter  measures  average  power  and  can  be  configured 


to  measure  true  rms  voltage  and  current.  These  measurements  are 
essentially  independent  of  the  waveshape  from  dc  up  to  133  Hz.  The 
effect  of  power  factor  and  harmonic  distortion  is  discussed  under 
factors  which  affect  the  accuracy  of  the  P-3  wattmeter  in  Chapter  7. 

A  typical  cutaway  view  of  a  dynamometer  mechanism  is  shown  in 
figure  4.6  and  a  front  view  of  the  type  P-3  dynamometer  is  shown  in 
figure  4.7.  The  principle  parts  of  a  dynamometer  mechanism  arc  the 
frame,  the  field  coils,  the  moving  elements  kshaft,  the  armature  coil, 
the  lead-in  spirals),  the  control  spring,  the  pointer,  balance 
weights,  the  damping  vane,  the  damping  magnets,  the  jewel  bearings, 
tl)c  scale,  th(;  i)ointcr  stops  and  the  resistance  spool. 
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Figure  4.6  Cutaway  View  of  a 
Dynamometer  Mechanism 


Figure  4.7  Front  View  of  a  G.E. 
Type  P-3  Dynamometer 


Source;  General  Electric,  Manual  of  Electric  Instruments,  GET-1087A 
(New  York;  General  Electric,  1949)  p.  49  and  p.  51. 


The  basic  operation  of  the  type  P-3  wattmeter  is  as  follows: 
the  P-3  wattmeter  is  an  instrument  that  measures  power  by  means  of  the 
torque  developed  due  to  the  changes  in  either  field  or  armature 
current.  Torque  is  proportional  to  tlie  product  of  the  field  and 
armature  current,  where 

T  “  iii2  (A. 6) 

The  dynamometer  mechanism  used  as  a  wattmeter  is  shown  in  figure  4.8. 
This  figure  shows  the  field  coil  (stationary  coil)  of  the  mechanism 
connected  in  series  with  the  line  and  the  armature  coil  (moving  coil) 
in  series  with  a  resistance  connected  across  the  line.  Since  the  field 
flux  is  proportional  to  the  line  current  (ij)  and  the  armature  flux  is 
proportional  to  the  line  voltage  (i2R),  the  instantaneous  torque  is 
proportion.nl  to  the  instantaneous  product  of  the  line  curiH.'ut  and  line 
voltage.  This  instantaneous  torque  is  a  measure  of  the  instantaneous 
power.  Because  of  its  ability  to  measure  power  instantaneously  and 
independent  of  frequency  and  waveform  variations,  the  General  Electric 
Type  P-3  Wattmeter  measures  dc,  sinusoidal  and  non-sinusoidal  power  up 
to  a  frequency  of  133  Hz.  The  P-3  wattmeter  is  calibrated  to  read  the 
average  of  th«'  instantaneous  power  pulses  or  the  real  power  of  the 
network.  A  more  detailed  explanation  of  this  operation  follows. 


SOURCE 


Figure  4.8  Dynamometer  Mechanism  U.scd  as  a  Wattmeter 

Source;  General  Electric,  Manual  of  Electric  Instruments,  GET-1087A 
(New  York:  General  Electric,  1949)  p.  51. 

Theory  oC  Operation 

The  operation  of  tlu'  P-3  dynamometer  when  used  as  a  wattmeter 
is  as  fol  lows  I  2 1 , 23 , 24 , 25  I  ;  the  dynamometer  movement  operates  on  the 
interaction  of  a  fixed  or  stationary  set  of  coils  and  a  moving  set  of 
coils.  This  coil  arrangement  can  be  repre.sentcd  by  figure  4,9,  where 
the  fixed  coils  (F  j  and  F2)  arc  connected  in  series  and  the  moving 
coils  (Mj  and  M2)  arc  connected  in  series.  It  should  be  noted  that  the 
P-3  wattmeter  uses  circular  coils  for  the  fixed  and  moving  coils  as 
they  are  more  stable  as  to  shape  than  the  oval  or  flat-sided  coils  of 
earlier  design.  Also,  the  fixed  and  moving  coils  are  two  in  number  and 
have  their  planes  parallel  and  a  short  distance  apart.  This 


arrangement  gives  approximately  a  uniform  magnetic  field  in  the  region 
between  the  coils. 


Figure  4.9  Plane  View  of  Stationary  and  Moving  Coils 
of  an  E Icc ^rodynamometer  Mechanism 

Source;  C.T.  Baldwin,  Fundamentals  of  Electric  Measurements,  (New 
york ;  Frederick  t/ngar  Publishing  Co.,  1961)  p.  84 


Considering  figure  4.9,  let  currents  ij  and  i2  be  the 
currents  in  amperes  in  the  fixed  and  moving  coils  and  let  the  plane  of 
the  moving  coil  in  it.s  resulting  deflected  position  make  an  angle  0 
with  the  planes  of  the  fixed  coils.  Let  M  be  the  mutual  inductance 
between  the  coils  in  this  position.  Then  the  flux  density  of  the  field 
produced  by  the  fixed  coils  is  proportional  to  ij  and  the  resulting 
force  on  the  conductors  of  the  moving  coils  for  a  given  field  strength 
is  proportional  to  i2  •  Hence,  the  torque  on  the  moving  coil  is 
proportional  to  the  product  of  the  currents  in  the  coils  and  the  rate 
of  change  of  mutual  inductance  with  respect  to  the  deflection  angle,  or 
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6  M 
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(4.7) 


The  quantity  6M/66  is  constant  over  a  wide  range  of  0  ,  so  effec¬ 
tively  the  torque  is  proportional  to  iii2  •  Since  the  period  of  the 
moving  coil  system  is  much  greater  than  the  period  of  the  input 
signals,  the  pointer  assumes  a  position  proportional  to  the  average 
value  of  the  power  (P). 

Cone lus ion 

Because  of  its  ability  to  measure  power  instantaneously  and 
independent  of  frequency  or  waveform  variations,  the  General  Electric 
Type  P-3  Wattmeter  measures  dc,  sinusoidal  and  non-sinusoidal  power  up 
to  a  frequency  of  133  Hz.  The  accuracy  of  the  P-3  wattmeter  is 
specified  as  j*;  0.2  per  cent  of  full  scale  value. 

4,3  General  Electric  Type  VM-63-S  Induction  Watthour  Meter 
General 

The  General  Electric  Type  VM-63-S  is  a  polyphase  induction 
watthour  meter.  For  my  experimental  work,  I  have  modified  this  meter 
for  single-phase  power  measurement  by  connecting  the  current  coils  in 
series  and  the  voltage  coils  in  parallel.  The  VM-G3-S  watthour  meter 
is  being  used  because  of  unavailability  of  a  single-phase  watthour 
meter  that  has  contacts  available  for  sensing  the  number  of  disk 
revolutions.  The  number  of  disk  revolutions  will  be  counted,  averaged 
and  compared  to  tiic  average  power  measured  by  the  Clarkc-Hcss  digital 
wattmeter  and  the  General  Electric  clcc t rodynamometer  wattmeter.  The 
General  Electric  Type  VM-63-S  meter  is  similar  in  construction  to  the 
V-64-S  meter  |2f7]  .shown  in  figure  4.11). 


Figure  4.10  View  ot  Internal  Construction  of  the  General 
Electric  Type  V-()4-S  Induction  Watthour  Meter 

Source:  General  Electric,  Ilow  to  Test  and  Adjust  General  Electric 

AC  Watthour  Meters,  GET-8I3G,  (Now  York:  General  Electric,  1964)  p.l3 


The  General  Electric  Type  VM-63-S  induction  watthour  meter  is  an 
energy  meter.  It  differ.s  from  a  wattmeter  in  that  a  wattmeter  mca.surcs 
the  in.stantani'ovi.s  power  or  rate  of  electricity  utilization;  whereas, 
the  induction  watthour  meter  integrates  all  of  the  instantaneous  power 
values  .so  that  the  total  energy  utilized  over  a  period  of  time  is 
known.  If  one  is  able  to  hold  a  load  relatively  con.stant  over  a  period 
of  time,  the  energy  used  can  be  converted  to  an  average  power  and 
compared  to  the  average  wattmeter  reading  for  this  same  time  interval. 


This  method  is  u.scd  in  Part  II  of  this  thesis. 


The  General  Electric  induction  watthour  meter,  whether  single 
phase  or  polyphase,  measures  tlie  energy  used  over  a  period  of  time. 
The  energy  measurement  is  not  independent  of  the  waveshape  and  the 
induction  watthour  meter  is  calibrated  normally  to  operate  on  50  or  60 
Hz  sinusoidal  signals.  Because  the  induction  watthour  meter  is  not 
independent  of  waveform  or  frequency  variations,  the  use  of  this  meter 
for  measuring  non-sinusoidal  power,  especially  when  a  large  dc 
component  is  present  is  questionable.  The  effects  of  power  factor  and 
harmonic  distortion  on  the  induction  watthour  meter  are  discussed 
under  factors  which  affect  the  accuracy  of  the  induction  watthour 
meter  in  Chapter  8. 

The  principle  parts  of  a  single-phase  induction  watthour  meter  arc 
shown  in  figure  4.11  .  The  main  parts  arc  the  electromagnetic  elements 
(voltage  and  current  coilsl,  the  magnetic  breaking  system,  the  moving 
elements  (guide  and  disk),  and  the  register. 

The  principle  parts  of  a  polyphase  watthour  meter  arc  a  combina¬ 
tion  of  single-pliaso  watthour  meter  elements.  The  main  meter  parts 
consist  of  mu  It  i-elcctromngnctic  elements,  a  magnetic  breaking  system, 
the  moving  eleim-nt.s,  a  regi.stcr  and  any  necessary  compensating 
dev  ices . 

The’  basic  oper.'ition  of  a  single-phase  induction  watthour  meter  is 
as  follows;  A  torque  is  created  in  an  induction  watthour  meter  which 
causes  a  rotor  disk  to  turn  which  in  turn  drives  a  number  of  counting 
dials  at  a  speed  proportional  to  the  product  of  the  .supply  voltage  (Eg) 
and  the  load  current  (ig).  This  torque  is  a  result  of  eddy  currents  in 
the  disk  producing  a  magnetic  flux  opposing  the  inducing  flux  [the 
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Figure  4.11  Principle  Parts  of  a  Single-Phase 
Induction  Watthour  Meter 

Source;  General  Electric,  Manual  of  Watthour  Meters,  GET-1840  (Now 
York;  General  Electric,  1950)  p.  O'] 

inducing  flux  is  caused  by  a  combined  action  of  a  magnetic  flux 
proportional  to  the  supply  voltage  and  a  magnetic  flux  proportional  to 
the  load  current].  The  net  torque  or  the  disk  then  becomes  propor¬ 
tional  to 


T  Egly  cos  0  (4.8) 

where  cos  is  the  load  power  factor.  It  should  be  noted  that  although 
frequency  is  absent  from  equation  4.8,  it  will  affect  the  induced  eddy 
currents  and  hence  the  torque.  Thus,  an  induction  watthour  meter  is 
normally  only  suitable  for  use  at  its  calibrated  frequency.  As  a 
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result,  nonsinusoidal  signals  with  high  liarmonic  content  can  cause 
serious  errors  (-10  to  +'30/':'  error  1 28  |  |29l)  in  induction  watthour 
meter  readings.  A  more  detailed  explanation  of  the  induction  watthour 
meter  operation  follows. 


Theory  of  Operation 

A  single-pliase  induction  watthour  meter  uses  induction  motor 
action  to  create  its  driving  torque  [23,24,25,27,30,31].  Figure  4.12 
shows  the  fluxes  produced  for  a  single-phase  watthour  meter  operating 
at  unity  power  factor. 


Figure  4.12  Generation  of  Driving  Torque  in  a  Single-Phase 
Watthour  Meter  at  Unity  Power  Factor 

Source:  General  Electric,  Manual  of  Watthour  Meters,  CET-1840  (New 

York;  General  Electric,  1950)  p.  16. 

The  rotor  of  the  motor  is  an  aluminum  disk  mounted  concentrically  on  a 
sliaft.  The  stator  of  the  motor  is  an  electromagnet  which  has  two  sets 
of  windings  assembled  on  a  laminated,  soft-iron  core.  One  winding, 
called  the  potential  coil,  is  connected  across  the  load;  the  other 


winding,  called  the  current  coil  is  connected  in  series  with  the  load. 


The  internal  wiring  diagram  of  a  single-phase  watthour  meter  is  shown 
in  figure  4.13. 


Figure  4.13  Internal  Wiring  Diagram  of  Single-Phase 
Induction  Watthour  Meter. 

Sourc(5:  General  Klcctric,  Manual  of  Watthour  Meters,  GET-1840  (New 

York:  General  Electric,  1965)  p.  15 

The  mathematical  analysi;;  of  an  induction  watthour  meter  is  as 
follows:  Assume  that  the  current  coil  carries  a  current  Ij  and 
produces  a  flux  <t>j  that  i  .s  pn^port  ion.i  1  and  in  phase  with  Ij  .  Also 
assume  that  the  potential  coil,  which  has  a  high  inductance  and 
negligible  resistance,  has  a  current  I;  which  is  equal  to  V/'wL.  The 
flux  <I>2  caused  by  I2  is  proportional  to  V/wL  and  lags  V  by  90°. 
If  the  load  current  has  a  lagging  phase  angle  cj),  then  4>  lags  V  by 
angle  (Ji  and  $2  lags  by  (90-4)).  The  pnasor  diagram  for  this 

configuration  is  shown  in  figure  4.14. 
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Figure  4.14  I-'hcisor  Diagram  Cor  Single-Phase 
Induction  WaCthour  Meter 

Source:  C.T.  Baldwin,  Fundamentals  of  Electric  Moasurments  iNcwYork: 
Frederick  Unj’ar  Publishing  Co.,  196iT'  p.  123. 


Thus  the  equations  tor  both  an  induction  wattiiour  meter  as  well  as  an 
induction  v.'at  Cmetcr  are 


I’  -  K  uti  4>2  £.' iii  <2  (4.9) 

and 

T  ex  1  sin  (90-4))  iO) 

or 

T  VI  cos  4)  (4.11) 

A  further  analy.sis  of  the  induction  watthour  meter  structure 
shows  that  it  is  somewhat  like  a  tr  ans  torr.icr  that  has  two  primary 
winding.s  and  two  secondaries.  The  primary  windings  arc  the  potential 
and  current  coils.  The  secondaries  consist  of  separate  eddy-current 
paths  within  the  disk.  Because  the  disk  cuts  the  flux  produced  by  the 
current  in  each  of  the  two  coils,  potentials  are  induced  in  the  part  of 
the  disk  that  is  in  the  air  gap.  Since  the  disk  provides  closed 
circuits,  the  induced  voltages  cause  alternating  currents  (eddy 
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currents)  to  flow.  Those  currents  react  with  the  potential  coil  and 
current  coil  fluxes  to  produce  torque. 

Since  the  drivin);  tortpie  developed  by  cqu.'itiun  4.11  is  always 
proportioual  to  the  load  current,  the  line  voltay,e,  and  the  power 
factor;  the  tor()ue,  as  well  .as  being  a  iiu-asure  of  the  energy  used,  car. 
b('  made  L  t'  be  a  me.asur<'  of  I  hf'  averag.-  power.  A  watthour  meter 
mechanism  c.an  be  \jsed  as  a  wattmeter  mechanism  by  adding  a  pointer, 
sccilc  and  counter-torque  spring.  It  should  also  be  noted  that  an 
anduction  watthour  meter  operate.s  only  on  alternating  current  cir¬ 
cuits,  since  their  operation  depends  on  the  production  of  alternating 
currents  by  alternating  fluxes.  As  a  result,  the  induction  wattheur 
meter  i  ,s  not  useful  for  measuring  dc  energy  or  power  and  would  measure 
in  error  in  an  ac  circuit  that  has  a  high  d.c.  current  component.  This 
.'■.talement  will  be  verified  in  I’art  II  of  this  thesis. 

Cone  1  tis  i  on 

because  the  induction  watthour  meter  is  not  independent  of 
wavelorm  or  Ircqucncy  variations  and  bcc.nuse  the  induction  watthour 
nvler  is  nt)t  de.signcd  to  measure  dc  power,  tlic  iu;c  iif  this  meter  for 
nu'.i  .su  r  i  iig  non-s  intisoi  dal  power,  especially  when  a  i  .arge  dc  component 
is  pre.sent  is  questionable.  Although  p.ist  icse.'irch  has  shown  an  error 
ol  less  than  ^  10  per  cent  occurs  when  stand.ird  indu.strial  watthour 
meters  are  .subjectf'd  to  nons  inusoi  da  1  power  v,i  r  i  a  I  i  on.s  ,  the  verdict  is 
not  out  ,i.s  to  whether  this  error  i.s  too  excessive  under  the  worst 
conditions  or  whether  this  error  will  increase  under  futtire  loading 
c  ond i t i on  s  . 
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CHAPTER  5 


MEASUREMENT  STANDARDS,  TYPES  OF  MEASUREMENT 
ERRORS,  LIMITING  OR  GUARANTEE  ERRORS,  PRECISION  AND  ACCURACY 

Tliis  chapter  defines  the  different  types  of  measurement 
standards  and  the  various  types  of  measurement  errors  which  occur  in 
making  measurements.  It  discusses  the  effects  of  limiting  or 
guarantee  errors  and  how  they  relate  to  the  actual  percent  error  when 
comparing  readings  at  different  point.s  on  .a  meter  scale.  This  chapter 
defines  the  terms  precision  and  accuracy  and  concludes  by  showing  how 
all  of  the  above  arc  applied  to  power  mt.'asuremcnt  s . 

5.1  Measurement  Standards 

There  are  four  different  typc.s  of  standards  of  measurement 
whicli  are  classified  [25,30,32)  by  their  function  and  application  into 
tlic  following  categories: 

(a)  International  Standard.^ 

(b)  Primary  Standards 

(c)  Secondary  Standard.'; 

(d)  Working  Standards 

Till'  International  Standard;;  ire  defineil  bv  international  agreements 
and  arc  maint.iined  at  the  international  Bureau  of  Weights  and  Measures 
and  are  not  available  to  the  ordinary  user  of  measuring  instrument.s  for 
purposes  of  comparison  or  calibration.  The  Primary  Standards  arc 
maintained  by  national  ntandard.s  laboratories  in  different  parts  of 
the  world.  The  National  Bureau  of  Standards  (NBS)  in  Washington  is 
responsible  lor  iiia  i  nt  aincnce  of  the  primary  standards  in  North 


America.  The  primary  .standards  arc  not  available  for  use  outside 
the  national  laboratories  but  arc  used  primarily  for  the  verification 
and  calibration  of  secondary  standards.  The  Secondary  Standards  arc 
the  basic  reference  standards  used  in  industrial  or  college  high 
prcci-sioii  iiK^asLircmcnt  laboratories.  They  arc  periodically  .sent  to  the 
NBS  laboratory  for  ccr t i f icat ion  of  their  measured  value  in  terms  of 
the  primary  standard,  The  fourth  type  of  measurement  standards  are  the 
Working  Standards  which  are  used  in  measuremen t  laboratories  requiring 
precision  me.isur cment s .  Both  the  secondary  standards  and  the  working 
standards  arc  at  times  classified  as  "Transfer  Standards."  The 
General  Electric  Type  P-3  Electrodynamometer  wattmeter  is  classified 
as  .'i  transfer  standard  and  is  used  as  the  reference  st.andard  in  Part  II 
of  tills  thesis. 

5.2  Types  of  Measurement  Errors 

TIie  error  in  a  measurement  is  defined  as  the  algebraic 
difference  between  Llie  indicated  or  measured  vahie  and  the  true  value. 
It  is  st.'itcd  in  reference  [30]  that  tlie  true'  value  can  never  be  found 
(that  is  the  measured  value  must  always  be  I'xprcsscd  with  a  tolerance 
or  uncertainty  factor)  and  as  a  result  thi:  "true  value"  is  replaced  by 
"the  conventional  true  value"  wliicb  is  the  v.iluc  the  mcasurand  can  be 
realistically  accepted  as  having.  In  order  to  get  Die  most  accurate 
me.isurement  possible  it  is  necessary  to  define  the  different  types  of 
errors  and  their  causes.  Errors  arc  usually  classified  (25,30.32] 
under  three  main  headings: 

(a)  Gro.ss  Errors, 

(b)  Sy.stematic  Errors, 


(c)  Random  Errors. 


Gross  errors  mainly  result  from  "human"  mistakes  in  reading  or  using 
instruments  and  in  recording  and  computing  measurement  results.  Sys¬ 
tematic  Errors  arc  further  classified  as  Instrumental  errors,  Environ¬ 
mental  errors,  and  Observational  errors.  Instrumental  errors  arc 
errors  inherent  in  the  measuring  instrument  because  of  its  physical  or 
mechanical  construction.  Irregular  spring  tension  and  improper  scale 
divisions  arc  examples  of  instrumental  errors.  Insertion  error  or 
meter  loading  can  be  classified  as  a  gross  or  instrumental  error.  The 
effects  of  instrument  C'>mponcnt  ageing  is  also  an  example  of  an 
instrumcnt.il  error.  Env i ronmont  1 1  errors  are  errors  due  to  conditions 
external  to  the  measuring  device,  including  conditions  in  the  area 
surrounding  the  instrument.  t:hange.s  in  temperature,  humidity,  baro¬ 
metric  pressure,  magnetic  or  electrostatic  fields  may  result  in 
improper  operit  ion  of  tlie-  in.strumcnt  and  the  resulting  error  would  be 
an  envi ronmcri ta 1  error.  Observational  errors  arc  errors  that  result 
from  the  observer's  use  of  the  instruments.  As  a  result,  several 
observers  u-iing,  tlie  same  equipment  for  duplicate  sets  of  measurements 
do  not  necessarily  produce  duplicate  results  due  to  the  fact  that  some 
observers  will  read  the  meter  consistently  high  while  other  observers 
will  read  the  meter  consistently  low.  Systematic  errors  are  also  at 
times  divided  into  static  or  dynamic  errors.  Static  errors  arc  errors 
caused  by  1  i  iii  i  t  .1 1  ions  ol  the  measuring  device  or  the  physical  laws 
governing  its  behavior.  Dynamic  errors  are  errors  caused  by  the 
instrument  not  responding  fast  I'nough  to  follow  the  changes  in  a 
measured  v.iriable.  Systematic  errors  are  those  whieli  consistently 
reoccur  when  a  number  of  measurements  are  taken.  They  mav  be  caused  by 
dc'tcr  iorat ion  of  Che  measurement  system  (weakened  magnetic  field, 


change  in  reference  resistance  value),  alteration  of  the  measured 
value  by  the  addition  or  extraction  of  energy  from  the  element  being 
measured,  response-time  effects,  and  attenuation  or  distortion  of  the 
measurement  signal. 

Tlic  last  major  type  of  errors  arc  Random  errors.  Random 
errors  are  due  to  unknown  causes  and  occur  even  when  all  systematic 
errors  have  been  accounted  for.  Random  errors  are  often  a  result  of 
neglecting  second  order  or  residue  effects.  Random  errors  may  also  be 
a  result  of  noise  or  induced  signals  occurring  during  transient  or 
steady  state  conditions.  Random  errors  arc  accidental,  tend  to  follow 
the  laws  of  chance,  and  do  not  exhibit  a  consistent  magnitude  or  sign. 

3.3  Limiting  or  Guarantee  Errors 

In  most  indicating  instruments,  the  accuracy  is  guaranteed  to 
a  certain  percentage  of  full-scale  reading.  Circuit  components  arc 
guraiUced  within  a  certain  percentage  of  their  rated  value.  The  limit 
of  these  deviations  from  the  specified  values  arc  known  as  limiting 
errors  or  guarantee  errors  [25).  The  effect  of  limiting  error  is  shown 
by  th(^  following  example; 

Examp  1 e  5.1 

A  0-500w  wattmeter  has  a  gurantoed  accuracy  of  1  per  cent  of 
full-scale  reading.  The  power  measured  is  a)  450w  and  b)  50w  res¬ 
pectively.  Calculate  the  limiting  error  in  per  cent. 

Tl)e  magnitude  of  limiting  error  is 
0.01  X  500w  =  5.0w 
the  percentage  error  is 


fo  x  lOOX  =  lO.OTl 


b) 


5 _ 

450 


X  100% 


=  1.1% 


The  above  example  show.s  clearly  how  a  meter  can  be  specified  as  having 
an  accuracy  of  1%  of  full  scale  but  actually  have  a  limiting  error  of 
greater  than  10%  at  the  low  end  of  the  scale.  This  is  why  a  meter 
should  be  read  as  close  to  full  scale  as  possible.  The  -above  limiting 
error  is  not  only  applicable  to  analog  meters  but  to  digital  meters  as 
well . 

The  factors  which  make  up  the  accuracy  or  limiting  error  of  a 
measuring  instrument  can  be  partially  accounted  for  by  looking  at  the 
effect  chat  different  types  of  errors  have  on  pointer  position.  This 
is  shown  graphically  in  figure  5.1. 


I 


l  ir-cor  O'Sloncc  olooq  the  biClr 


Figure  5.1  Curves  Showing  Variation  Along  the  Seale 
of  Various  Typos  of  Instrument  Error 

Source:  Melville  B.  Stout,  Basic  Electrical  Measurements,  (New 

Jcr.scy:  I’r en t i ce-llal  1  ,  1960)  p.  476. 

Figure  5.1  shows  that  some  errors  (Group  A)  affect  the  instru¬ 
ment  indication  about  equally  at  all  parts  of  the  scale,  while  others 
(Group  B)  increase  in  proportion  to  the  reading.  The  abscissa  repre¬ 
sents  the  scale  of  the  instrument.  Errors,  plotted  as  ordinates  to  a 


( 


linear  scale,  represent  the  actual  distance  the  instrument  pointer  is 


from  its  true  position.  The  errors  are  classified  [33]  into  two 
groups . 

(a)  Group  A 

Tliis  group  comprises  those  effects  that  tend  to  produce 
errors  of  tlic  same  magnitude  at  any  point  of  the  scale 
and  include  scale  ijrror,  zero  error,  reading  error, 
paralla.K  error  and  friction  error. 

(b)  Group  B 

This  group  coinpri.scs  those  effects  that  produce  errors 
proportional  to  the  pointer  del  lection  and  include 
errors  caused  by  incorrect  r  cs  i  s  t  anci.' ,  the  effects  of 
temperature  on  resistance,  control  springs,  and  the 
strength  of  permanent  magnets  in  dc  instruments,  the 
effect  of  frequency  on  reactive  components. 

The  total  error  c.uxper  ienced  is  made  up  of  the  effects  from  Group  A 

and  B  but  the  actual  error  may  differ  as  the  componont.s  enter  to 

different  extent  in  various  eases.  I'hc  Composite  curve  of  figure  5.1 

illustrates  the  general  effect  that  may  be  expected.  It  should  be 

noted  that  smaller  errors  may  bo  anticipated  at  midscale  than  at  full 

scale  but  not  in  proportion  to  the  ri.idings. 

The  net  result  of  limiting  error  is  that  the  error  at 

different  parts  of  the  scale  is  more  nearly  constant  in  actual  amount 

than  it  is  as  a  percentage  of  the  reading  being  taken.  There  fore,  the 

abbreviated,  marking  "Accuracy;  1.0  per  cent"  really  means  that  the 

error  at  any  point  on  the  scale  will  not  exceed  1.0  per  cent  of  the 

full-scale  reading. 


5.4  Precision  and  Accuracy 

Precision  and  accuracy  arc  often  thought  of  as  being  inter¬ 
changeable.  In  measurement  work,  however,  it  is  necessary  to  provide 


further  distinction  between  the  two.  Precision  and  accuracy  arc 
defined  as  follows; 

(a)  Precision 

(1)  Precision  refers  to  the  degree  of  agreement  within  a  group 

of  measurements  or  instruments.  It  is  composed  of  two 
characteristics:  conformity  and  the  number  of  signifi¬ 

cant  figures  to  which  a  measurement  may  be  made  (25]. 

(2)  Precision  is  a  measure  of  the  reproducibility  of  the 
measurement  or  is  a  measure  of  the  degree  to  which 
successive  measurements  differ  from  one  another  [25]. 

(J)  Precision  is  a  measure  of  the  spread  of  repeated  deter¬ 
minations  of  a  particular  quantity.  Precision  depends  on 
the  resolution  (the  smallest  change  in  measurid  value  to 
which  the  instrument  will  respond)  of  the  nK-asurement 
means  and  variations  in  the  measured  value  caused  by 
instabilities  in  tlu:  measurement  system  [33]. 

(b)  Accuracy 

(1)  Accuracy  refers  to  tlic  degree  of  closeness  or  conformity 
to  which  an  instrument  reading  approaches  the  true  value 
of  the  variable  being  measured  [25]. 

(2)  Accuracy  is  conforming  exactly  to  truth  or  to  a  stan¬ 
dard  [  32  ]  . 

(3)  Accuracy  is  a  statement  of  the  limits  which  bound  the 
departure  of  a  measured  value  from  the  true  value. 
Accuracy  includes  the  imprecision  oi  the  measurement 
along  with  all  the  accumulated  errors  in  the  measurement 


chain  extending  from  the  basic  reference  standards  to  the 
measurement  in  question  133]. 

(4)  Accuracy  is  the  quality  which  characterizes  the  ability 
of  a  measuring  instrument  to  give  indications  equivalent 
to  the  true  value  of  the  ((uantity  measured.  It  .should  be 
expressed  in  terms  of  tolerance  or  uncertainty  [30]. 

It  can  be  deduced  from  the  above  definitions  that  a  measure¬ 
ment  system  may  provide  preci.so  readings,  all  of  which  arc  inaccurate 
because  of  an  error  in  calibration  or  a  defect  in  the  system.  It  can 
also  be  said  that  prccisi(;n  is  a  necesary  prerequisite  for  accuracy  but 
precision  does  not  guarantee  accuracy. 

5.5  Conclusions 

The  application  of  measurement  .standards,  a  knowledge  of 
different  types  of  errors,  and  a  clear  understanding  of  the  distinc¬ 
tion  between  precision  and  accuracy  are  all  necessary  ingredients  for 
accurately  measuring  power.  The  need  for  defining  the  variables  that 
can  aff('ct  mca.suiu'mcnts  is  often  overlooked  and  as  a  result,  the 
experimental  dat.i  produced  and  conclusions  drawn  are  in  error. 
Another  rcascjii  for  considering  the  above  variables  prior  to  doing  any 
experimental  work  is  that  it  gives  the  experimenter  a  chanec  to  devise 
sound  expcrimc:ntal  techniques  that  eliminate  many  of  the  gross  and 
systemafic  errors.  The  next  three  chapters  summarize  the  gross, 
systematic  and  random  errors  that  are  associated  with  the  test 
equipment  used  in  Part  II  of  this  the.sis. 


CHAPTER  6 


FACTORS  WHICH  AFFECT  THE  ACCURACY  OF  THE 
CLARKE-HESS,  MODEL  255  V-A-W  METER 


This  chapter  discusses  the  types  of  gross,  systematic  and 
random  errors  that  may  occur  with  the  use  of  the  Clarkc-Hcss,  Model 
255  Digital  Wattmeter  [20,30,34].  It  discusses  the  limiting  or 
guarantee  error  which  in  essence  defines  the  accuracy  of  the  Model  255 
wattmeter.  The  chapter  concludes  with  a  discussion  of  why  the  Clarke- 
Hess,  Model  255  V-A-W  meter  is  an  accurate  power  measuring  device. 


6 . 1  Gross  Errors 

The  gross  errors  associated  with  the  operation  of  the 
Model  255  wattmeter  result  from  failure  to  zero  meter,  failure  to  read 
the  digital  display  properly,  failure  to  apply  any  necessary  cor¬ 
rection  factors,  failure  to  notice  an  "input  overload"  condition  and 
failure  to  record  tlie  data  correctly.  For  the  Model  255  wattmeter  the 
gross  errors  arc  normally  negligible  and  can  be  kept  to  a  minimum  if 
multiple  readings  arc  taken  and  if  good  experimental  techniques  arc 
used  . 


6.2  Systematic  Errors 
The  systematic 
Model  255  wattmeter  arc 
environmental  errors. 


errors  associated  with  the  operation  of  the 
classified  as  a)  instrumental  errors  and  b) 


a)  Instrumental  Errors 


Instrumental  errors  are  inherent  meter  errors  caused  by: 

(1)  instrument  power  losses 

(2)  changes  in  power  factor 

(3)  changes  in  frequency 

(4)  crest  factor 

(5)  measurement  rate 

(6)  clianges  in  waveform 

(7)  agoing  electrical  properties 

The  following  is  a  discussion  of  the  instrumental  errors  that 
may  be  associated  with  the  operation  of  the  model  255 
wattmeter . 

(1)  Instrument  Power  Loss 

The  instrument  power  losses  associated  with  the  Model  255 
are  a  result  of  insertion  losses  due  to  the  physical  connec¬ 
tions  made  by  the  voltage  and  current  circuits.  The  two 
methods  for  connecting  the  Model  255  wattmeter  for  measuring 
power  arc  shown  in  figure  6.1(a)  and  6.1(b). 


Figure  6.1(a)  l^Rg  Correction  Connection 


t 


Generator 


Figure  6.2(b)  V^/Ry  Correction  Connection  ■ 

Source;  Clarke-Hcss,  Operation  Manual  for  Clarke-Hess  Model  255 
V-A-M  Meter  (New  York;  Clarke-Hcss,  1980)  p.  T -A 


In  figure  6.1(a)  the  wattmeter  reads  high  by  the  correc¬ 
tion  factor  (I“Rs^  since  the  current  1  pa.sses  through  the 
current-circuit  rc.sistancc  (Rg)-  a  result  this  added  power 
loss  needs  to  bo  subtracted  from  the  reading.  In  figure 
6.1(b)  the  wattmeter  reads  liigh  by  the  correction  factor 
(V^/Ry)  since  the  voltage  drop  across  the  voltage  circuit 
resistance  (Ry)  results  in  an  added  power  loss  which  must  be 
subtracted  from  the  reading.  The  type  of  connection  to  bo 
used  is  dependent  on  which  connection  will  give  a  more 
accurate  reading.  Normally  for  the  Model  255  wattmeter  the 
l^Rg  connection  is  used  because  of  the  capability  of  the 
meter  to  expand  power  measurements  on  a  PXlO  position.  In 
this  position  both  the  input  voltage  and  input  current  must  be 
less  than  AO  per  cent  of  tlieir  full  scale  valui-s.  The  result 
of  using  the  PXIO  position  is  an  additional  decade  of 
rcsoltition  which  results  in  a  mere  precise  reading.  In  the 


PXIO  position  the  l^Kg  connoelLoii  should  be  used.  For  the 
Model  2  55  wattmeter  with  a  1  dO  volt  .supply  and  a  circuit 
current  between  0  to  5  amps,  the  V-^/Ry  loss  is  approximately 
0.003  watts  and  the  I  los.s  varies  between  0  to  0.7  watts. 

I  have  used  tVie  I'^Rg  connection  in  my  <  xper  imen  t  a  1  work  to 
allow  for  use  of  the  expanded  PXIO  position  as  well  as  for 
circuit  wiring  consistency  with  the  VM-63-‘'  induction  watt- 
hour  meter  and  the  P-3  antilop,  wattmeters. 

(2)  Changes  in  Power  Factor 

'I’lio  Model  255  is  affected  by  ch.anges  in  pover  factiir.  Sci- 
tabh'  6.1  for  variations  in  staled  .ic  curacy  i.*.  both  tlie  powi  r 
factor  and  frei|iioncv  i  .s  changed.  Tin  type  el  connection 
usi'd  (either  I^Rg  or  V'/Ry)  lor  measuring  ])owrt  has  little 
affect  near  unity  power  factor.  At  voiy  low  power  lactors  the 
1-R<;  connection  should  not  be-  ie;ed  hicaueo'  serious  errors 
between  75  to  90  per  cent  coulil  lo.sult  due  to  insertion 
losses.  The  accuracy  data  above  a.s.,umes  that  proper  correc¬ 
tion  term  and  conni'Ction  ha.s  been  applied.  In  the  experimen¬ 
tal  work  done  in  Part  II  of  thi.s  tlu:sis,  changes  in  power 
factor  did  not  have  a  significant  effect  as  the  power  factor 
was  maintained  grenle:r  than  0.5. 

(3)  Changes  in  Frequency 

I'he  accuracy  of  the  Model  255  is  affected  by  changes  in 
frequency  as  can  be  seen  by  Table  6.  1.  One  of  the  main  causes 
tor  this  accuracy  change'  i  due  to  changes  in  tlic  scries 
imp. 'dance  ol  the  current  circuit.  At  low  frequencies  this 
impedance  is  ie;;istive.  At  high  f  r .  (]  uenc  ie  s  the  input  series 
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iinpedatice  may  c.'iitain  a  signilicanL  inductive  component.  The 
efl'ect  of  fre(|inncy  change  on  the  experimental  data  in  Part  II 
was  negligible  due  to  low  operating  frequency  (60  Hz). 

(A)  Crv:st  Factor 

Crest  factor  | 3A |  is  the  ratio  of  the  peak  value  to  the 
rms  value  of  an  ac  waveform.  The  Model  255  will  normally 
measure  pulse  or  spike  inputs  with  peak  values  of  four  times 
the  full  scale  dc  value.  In  the  case  of  peak  to  peak  values 
around  a  zero  average  the  Model  255  will  measure  spike  inputs 


up  to  eight  times  the  full  scale  dc  value.  The  ability  of  the 
Model  255  sensing  circuitry  to  operate  and  respond  to  these 
dynamic  changes  in  amplitude  adds  to  the  accuracy  of  the  power 
measurement.  For  most  input  signal.*;  including  diode  recti¬ 
fied  and  SCR  waveforms  the  crest  factor  is  normally  less  than 
3:1.  The  Model  255  is  rated  at  crest  factors  up  to  3:1  and  as 
a  result  crest  factor  had  a  negligible  effect  on  the  ex¬ 
perimental  data  in  Part  II. 

(5)  Measurement  Rate 

Tlu'  measurement  rate  and  the  display  rate  arc  locked  to 
the  power  line  frequency  and  are  normally  set  at  10  readings 
per  s(H'<)nd  for  60  Uz  operation.  Tliis  sampling  rate  was  fast 
enough  for  tiu'  dat.'i  taken  in  i  .irt  I  1  . 

(6)  Changes,  in  Waveforms 

W.iveform  vari.itions  can  have  an  ^-llset  on  th.  Model  255'. s 
measuring  circuitry  if  the  .■simp  I  i  ng  r.iLe  is.  not  fast  enough  to 
me.'isure  the  input  signal  variations  or  il  the  crest  factor 
1  imit.it  ions  are  exceeded.  Since  the  Model  2  55  i.s  a  true  rms 
and  instantaneous  measuring  devici  and  since  neither  the 
s.impling  rate  or  crest  factor  1  inii  t  .it  ions  were  exceeded, 
waveform  errors  w.-re  considered  ne;;lig,ible  for  the  testing 
done  in  Part  II. 

(7)  Ageing  Klectrical  Properties 

The  effect  of  ageing  on  various  circuit  coaiponcnts  is  not 
specifii  d  in  the  oper a t i ons  nianua f  .  The  tolerance  or  accuracy 
f)  f  the  Moilel  255  is  guaranteiui  for  one  yi'ar.  If  practical  and 


cost  effectiv.',  the  Model  255  shonld  be  i  ec  ,i  1  i  h  r  a  ted  every 


year. 


For  the  Model  255' s  used  in  Part  II  the  calibration 


dates  were  December  1980  for  SN  656  and  SN  657  and  June  1982 
for  SN  5955.  These  meters  were  bought  and  shipped  to  Colorado 
State  University  around  January  and  August  1982  and  were 
tested  in  Part  II  without  rec.i  1 ibr at  ion  due  to  economic 
considerations  as  well  as  the  fact  that  these  meters  were 
hardly  ever  used  and  hopefully  had  maintained  their  accuracy. 
Operational  calibration  procedures  were!  performed  prior  to 
testing. 

b)  Environmental  Errors 

The  environmental  errors  arc  errors  due  to  external  and 
internal  influences  not  associated  directly  with  the  components 
tliat  go  into  the  fabrication  of  the  instrument.  Some  ot  the 
environmental  errors  that  may  arise  lor  tlu.’  Model  255  arc  caused 
hy: 

( 1  I  ambient-temperature  influence 

(2)  .self  bleating  influence 

(3)  stray-field  influence 

The  following  is  a  discussion  of  environmental  errors  that 
may  be  associated  with  the  operation  of  the  Model  255  wattmeter. 
(I)  Ambient-temperature  Influence 

Normally,  digital  meters  have  a  specific  per  cent  change 
per  degree  centigrade  change  (eg.  +  0.01  per  cent  per  degree 
cent igr.ule) .  The  specifications  for  the  Model  255  state  an 
operating  temperature  range  of  O'^C  to  50°  C  with  specified 
.accuracy  maintained  hi-twei.'n  1  S'-’  U  to  35°  C.  For  the 


experimental  work  done  in  Part  11  all  tests  were  conducted 
within  the  specified  temperature  range. 

(2)  Self-heating  Influence 


The  self-heating  influence  is  caused  by  the  temperature 
rise  due  to  the  losses  in  the  instrument.  For  the  model 

255  the  5  amp  scale  will  have  a  "drift"  caused  by  self-heating 
of  the  internal  shunt  if  it  is  used  for  currents  above  7.5 
amperes.  For  the  experimental  work  in  Part  II,  the  current  was 
maintained  below  5  amperes  so  thir;  effect  was  negligible. 

(3)  Stray-field  Influence 

The  influinice  of  .stray  fields  on  the  model  255  is  not 
specified.  Since  specific  manufacturing  design  criteria  i.s 
not  spec!  lied  and  since  no  e.xterii.il  fields  weri'  introduced  for 
Lin  ■•xper  imcnt.'i  1  work,  the'  effc-ct  of  stray- fi.el  d  influence  is 
considered  negligible  for  the  experimental  work  done,  in  Part 
II. 

6.J  K.indom  Errors 

I'he  random  errors  associated  with  the  operation  of  the  Model  255 
wattmeter  are  unpredictable  and  probably  would  be  a  result  of  noise  or 
tr.insient  over-  or  under-voltage  conditions.  Random  errors  arc 
considered  to  be  negligible  unless  specifically  stated  as  an  experi¬ 
mental  variable  in  Part  II  of  this  thesis. 

b.4  Limiting  or  Guarantee  Error 

As  mcntioncnl  in  Chapter  5,  the  Model  255  is  subject  to  limiting  or 
guarantei'  error.  The  limiting  error  or  stated  accuraev  for  the  Model 


255  is  +  0.6  per  cent  of  full  scale  and  ^  0.4  per  cent  of  the  reading 
for  dc  to  JO  Ilz  and  0.4  (jer  cent  of  full  .scale  and  ->■  0.2  per  cent  of 
the  reading  for  JO  to  50  Kllz  at  power  factors  greater  chan  0.5.  The 
following  example  illustrates  this  error.  For  a  reading  of  500  watts 
on  a  60  Hz  system  and  using  the  5  amp  and  1000  volt  range,  a  limiting 
error  of  (20  +  1)  +  21  watts  could  occur.  For  a  reading  of  500  watts 
u.sing  the  5  amp  and  200  volt  range,  a  limiting  error  of  (4  +  1 )  5  watts 
could  occur.  This  limiting  error  could  be  very  significant  at  low  power 
readings . 

6.5  Conclusions 

The  Clarke-Hcss  Model  255  Wattmeter  is  a  versatile  and  accurate 
measuring  device  and  can  be  used  to  measure  dc,  sinusoidal  and  non- 
siiiusoidal  power.  The  effects  of  gross  or  human  errors  arc  kept  to  a 
minimum  if  good  experimental  technique  is  used.  The  effects  of 
systematic  errors  due  to  changes  in  power  factor,  frequency  and  wave¬ 
form  arc  negligible.  The  Model  255  is  a  fast  responding  measuring 
device  and  will  measure  signals  with  a  crest  factor  of  up  to  3  to  1 
accvirati;  1  y .  The  two  mo.st  important  systi'matic  errors  occur  due  to 
instrument  insertion  power  losses  and  due  to  the  ageing  properties  of 
electrical  componet  n.s .  Both  of  these  instrumental  errors  can  be 
minimized  if  power  loss  correction  factors  and  proper  meter  connec¬ 
tions  arc  used  and  if  the  racter  is  calibrated  on  a  yearly  basis.  The 
effects  of  environmental  errors  due  to  (1)  ambient-temperature  in¬ 
fluence  (2)  sclf-hcating  influence  and  (3)  stray-field  influence  arc 
negligible  if  the  Model  255  is  operated  in  its  normal  temperature  and 
current  range  and  environment.  The  effects  of  random  errors  on  the 
Model  255  arc  unpredictable  and  arc  considered  to  be  negligible.  The 


effect  of  limiting  or  guarantee  error  is  only  significant  at  low  power 
readings  at  the  low  end  of  the  voltage  X  current  power  range. 

The  reason  why  the  Clarke-tlcss  Model  2^5  is  an  accurate  measuring 
di'viee  results  from  its  ability  tomea.sure  instantaneously  the  average 
power  throui'h  the  use  oi  it/:  digital  elm  tronic  circuitry.  The  Model 
IIOI  i  ;;  not  adversely  alleetcd  by  many  ef  llu'  normal  types  of  meter 
(  rii'T:.  and  oilers  low  i  ircuil  loading,.  Ihe  a.  curacy  of  the  Model  255 
i /;  siiflicient  tor  m.,  I  .oll-e.e  .md  i  ndu  ,■•.  i  r  i  a  1  1  i  c  a  t  ions  and  its 

vi.:r  sa  t  i  1  i  t  y  as  an  rms  volt.i,',''  and  .  urreni  an>i  .iver.ige  power  meter  makes 
it  a  very  nsetul  meter  lor  iiu.n.eruij;  .ill  i  vjio.s  of  eii.-uit  parameters. 


CHAPTER  7 


K ACTORS  WHICH  AFFECT  THE  ACCURACY  OF  THE 
GENERAL  ELECTRIC  TYPE  P-3  ELECTRODYNAMIC  WATTMETER 

This  c'lapLer  ciiscussc's  tlie  types  of  gross,  ;;y ;;  t  om.'j  t  i  c  .lud 
random  errors  chat  may  occur  v;ith  the  use  t)f  the  General  Elictric  Type 
P-3  Elec  trodynamometer  wattmeter  1  23 , 22 , 23  ,  !!A  ,  30 , 32  ]  .  It  dicusses  the 
limiting  or  guarantee  error  which  in  essence  defines  the  accuracy  of 
the  P-3  wattiiu^ccr.  The  chapter  concludes  with  a  discussion  of  why  the 
General  Electric  Type  P~3  Wattmeter  is  an  accurate  power  measuring 
dev  ice . 

7.1  Gross  Errors 

Tlic  gross  errors  associated  with  Che  operation  of  the  P-3 
wattmc.'Ccr  rcnsul  L  from  failure  to  zero  tlic  meter,  failure  Co  read  the 
meter  properly  and  apply  any  necessary  correction  or  multiplying 
factors,  parallax  error,  and  errors  in  recording  the  data  correctly. 
For  the  P-3  wattmeter  the  gross  errors  arc  normally  negligible  and  can 
be  kept  to  a  minimum  if  multiple  ri'adings  are  taken  and  if  good 
i.'xper  imenta  I  techniques  arc  used. 

7 . 2  .Systematic  Errors 

The  systematic  errors  associated  with  the  operation  of  the  P- 
3  wattmeter  arc  classified  as;  a)  instrumental  errors  and  b)  environ¬ 


mental  errors. 


a)  Instrumental  Errors 


Instrumental  errors  arc  inherent  meter  errors  caused  by; 

(1)  instrument  power  losses 

(2)  voltage-coil  inductance 

(3)  vol  t.  /.c-coi  1  capacitance 
(■^)  mutual  inductance 

(5)  eddy  currents 

(6)  changes  in  power  factor 

(7)  changes  in  frequency 

(8)  changes  in  waveform 

(9)  physical  construction  defects 

(10)  ageing  electrical  and  mechanical  propcjtics 
nic  following  is  a  discussion  of  instrumental  errors  that 
may  be  associated  with  the  operation  of  the  P-1  wattmeter. 

( 1 )  Instrument  Power  Loss 

The  instrument  power  losses  associated  with  the  P-3 
wattmeter  arc  a  result  of  insertion  losses  due  to  the 
physical  connections  made  by  the  voltage  and  current-  coil 
circuits.  The  two  methods  for  connecting  tlio  P-3  wattmeter 
for  me.isur  ing  povjcr  are  shown  in  figure  7.1(a)  and  7.1(b). 
In  figure  7.1(a)  the  wattmeter  rcad.s  high  by  the  correction 
lactor  (I[  2Rj-.)  since  the  eui  rent  1^  iKis.ses  through  the 
current  coil  resistance  (P(^;)  .  A.s  a  result  this  added  power 
loss  need.s  to  be  sub t r.ae t ed  from  the  reading.  In  figure 
7,  1(b)  Che  wattmeter  reads  hi;',h  by  the  correction  factor 

(Vj^2/,<^) 

since  the  voltage  drop  across  the  voltage  coil 
resistance  (Ry)  (neglecting  any  inductive  effects  of  the 


for  Che  varying  loss  in  the  current-coil  circuit.  For  the 
P-3  wattmeter  the  Il^^C  losses  vary  bcCwccn  0  to  2.0 
watts,  while  the  losses  arc  constant  at  1  .  3  watts. 

I  have  used  the  connection  in  my  experimental  work 

for  circuit  wiring  consistency  with  the  VM-63-S  induction 
watthour  meter  and  the  Clarke-Hcss  digital  wattmeters. 

(2)  Voltage-coil  Inductance 

The  torque  developed  in  the  P-3  wactmt^tcr  is  a  result 
o[  the  load  current  and  the  voltage-coil  current  ly 

and  the  angle  between  these  currents,  where 

T  <x  IlIv  cos  0  (7.1) 

If  the  effect  of  inductance  in  the  voltage  coil  is  neg¬ 
lected,  then  torque  is  related  as  follows 

IV 

T  cc  —  cos  0  (7.2) 

K 

whore  I  is  the  currcnt-coil  current,  V  is  the  voltage 
coil  voltage  and  R  is  the  voltage  coil  resistance.  In 
practice,  the  voltage  coil  h.a.s  some  inductance  (P-3 
vc'ltage  coil  inductance  i  .s  approximately  5  ini  1 1  i -he  nry ;; ) 
.ind  a  resulting  ri'.nctanco.  This  reactance  result.s  in  phase 
displacement  (u)  lor  current  ly  .  Sec:  figure  7.2  (a)  and 
(b)  for  phasor  diagrams  with  and  without  inductive  ef¬ 


fects  . 


The  resulting  cfCccC  of  inductance  is  that  the 


voltage-coil  current  ly  is  altered  and  equal  to 


V 

Iv  "  cos  a 


where 


cos 


R 

\r2+x2 


(7.3) 


(7.4) 


figure  7.2  (.a)  Non-inductive  Voltage  Coil 

(b)  Inductive  Voltage  Coil 

Si'uice:  C.T.  Baldwin,  Fundamentals  of  Electric  Measure¬ 

ments  ,  (New  York;  Frederick  Ungar  Publishing  Co. , 

1961 ),  p.  91 

and  the  resulting  torque  becomes 

T  ^  cos  a  cos  (0-a)  (7.5) 

R 

Comparison  of  equation  (9.2)  and  (9.5)  shows  that  the 
correction  factor  by  which  the  torque  or  deflection  must  be 


mill  1 1 1)1  iod  is 


cos  a  cos  (0-a) 

For  the  P-3  wattmeter  a  is  normally  very  small  and  has 
little  effect  for  low  frequency,  sinusoidal  input  signals. 

(3)  Voltage-coil  Capacitance 

Capacitance  is  present  in  the  scries  resistance  of  the 
voltagc-coil  circuit.  The  net  effect  of  this  capacitance 
is  to  reduce  the  angle  or  offset  the  inductance  of  the 
voltage  coil.  Normally  at  power-line  frequencies  and  at 
power  factors  above  0.5  the  effect  of  capacitance  is 
negligible  for  the  P-3  wattmeter. 

(4)  Mutual  Inductance 

A  small  error  way  be  introduced  in  the  P-3  wattmeter 
due  to  mutual  inductance  between  the  current  and  voltage 
coils.  A  small  emf  is  induced  in  the  voltage-coil  circuit 
due  to  tiu'  load  current  in  the  current  coil.  This  error  is 
norm.ally  very  small  for  the  P-i  wattmeter  and  is  not  ca.sily 
calculated  unless  the  variation  in  mutual  inductance  with 
angle  0  is  known.  The  net  effect  of  mutual  inductance 
would  cause  the  meter  to  read  low  with  lagging  power  factor 
loads  and  high  with  loading  power  factor  loads  at  the 
upper  half  of  the  scale  and  read  high  with  lagging  power 
factor  loads  and  low  with  leading  power  factor  loads  at 
the  lower  half  of  the  scale. 


I 


(5)  EfMy  Cm  rents 


Any  mass  ni  metal  in  close  pr oy. i !ur t y  tv  a  coil  carry 
current  will  liavi  .  ddv  curreius  indu  cd  in  it  and  the 
may.netie  1  rcld  produced  by  these  currents  will  riact  with 
the  current  and  veitat;e  '-oil  fields.  li'.e  m  t  effect  will 
have  some  Ueg  1  i  e  i  h  1  e  ellect  On  del  lectin;;  te);eiue  and  will 
vary  with  powe  r  faete'r.  For  the  P-ii  wattmeter  this  effect 
is  n.  ;;  I  ii;  ih  1  e-  as  the  metal  structnri'  i  .s  kept  to  a  minimum 
and  is  chosen  of  laaterial  with  leiw  h  y  .s  L  cres  i  s ,  high 
saluratiitn  density  and  high  res  i  .s  L  i  v  i  L  y  . 

(6)  Changes  in  Power  Kactiir 

Power  factor  errors  are  caused  hv  the'  inductive; 
re.ic  t  ance  ejf  ihe'  voiL.ige  and  einrcnt  coils  wh  i -h  cau'-e:  the 
current  le>  lag.  tlu:  voltage'  depe-nieiit  on  the  f  i''.'|ue;ncy  of 
the  circuit,  .-e;'  slaie.'d  nueh  r  th  -  Vei  I  t  ai!,e.  -  co  i  1  inductance 
e:\|)l  .mat  i  .'11  the  phase  angle-  n.cwi'.n  the  li'a.i  curicnl  and 
ve->lLage  ceiil  cur  re'al  is  adve-i.-ely  at  u-.  The  net 

effect,  especially  at  U'W  nowc'r  factor  and  !itg,h  freepiency, 
is  a  reduction  in  toique.  This  reduction  in  tort;uo  can 
result  in  error  if  the-  ceuitre.il  spring  is  not  de.sigin  d  tea 
offer  less  counter  torque' .  In  the  ca.se  e>f  the  P-'3  watt¬ 
meter,  it  is  not  designed  to  he  a  low  power  factor  meter 
and  should  he  opeiratcd  eabovc  0.5  powe-r  factor. 

(7)  Changes  in  Frequency 

Frequency  errors  are  errors  caused  by  the  effect  of  too 
high  or  too  h>w  of  a  fre-quenc  •.  As  mentioned  earlier, 
higher  Crequencieis  cau.sc  more  inductive  reactance  and 


( 


it'snll  in  curi'i-ut  at  a  greater  phase  t!  isplateincnt  in 

th--  vi>  I  tage-eoi  I  eircnil.  This  effect  is  laore  pronounced 
in  iron -coil-  than  in  air-corc  instruments  and  is  one  reason 
why  the  voltage  coil  of  the  P-d  wattmeter  is  made  with  a 
minimum  number  of  turns  necessary  to  provide  adequate 
tomiue.  Frequency  errors  an-  also  related  to  eddy  current 
losses  as  the  eddy  current  losses  increase  at  higher 
frequency.  Generally  speaking,  the  P-3  wattmeter  is 
negligibly  affected  by  frcipicncy  errors  primarily  duo  to 
its  low  inductance. 

(81  Changes  in  Waveform 

Waveform  errors  are  vrrorr,  caused  by  the  meter  being 
adversely  affecti-d  by  non-s  i  nuso  i  da  1  or  non-periodic  sig- 
.lals.  These  signals  or  distorted  waves  arc  composed  of 
sovera!  Iiarmon  i  e  above  the  f  uiidainent  a  1  am!  the  net  result 
is  ^;imilar  to  frequency  distortion  where  the  inductive  rc- 
act.'ince  of  '.in-  current  .ind  voltage  coil  chani;cs.  This 
change  in  inductive  r<aetance  can  cause  a  change  in  voltage 
and  cnrrcnt-coil  current  and  result  in  a  greater  pha.se  dis- 
placeiiK-nt  which  affcct.s  the  tor(|ne  developed  and  henci  the 
(>ower  reading.  Tlte  effect  of  waveform  errors  on  the  P-3  is 
ons  i  de  r<td  to  be  negligible. 

(9)  i'iiv.s  ic.i  I  Con.struction  Defects 

Physical  cons,  true  L  i  on  defects  are  normally  u  result  of 
errors  introducod  in  the  manii  f  ac  I  nre  of  the  meter.  Some 
possible  con.s  I  rm:  1 1  on  difocL.s  which  would  result  in  error 
could  be  scale'  I'rrors.  frictional  errors  due  to  the  pivot 


or  jowcl  bciny  Coo  loose  or  too  tight  and  errors  due  to 
improper  spring  tension.  I'or  .n  calibrated  P-j  wattmeter  it 
is  assumed  that  these  errors  arc  negligible. 

(10)  Ageing  Electrical  and  Mechanical  Properties 

'I’hc  effect;;  of  ageing  in  the  electrical  propertic.s  such 
as  resistance  and  inductance  over  time  i.s  negligible  for 
the  P-3  wattmeter.  The  effects  of  ageing  in  tlu;  mechanical 
properties  such  as  spring  tension  ;ind  pivot  and  jewel  wear 
may  be  significant  if  not  calibrated  on  a  regular  basis. 
The  construct  ion  of  the  P-3  wattmeter  is  of  higli  precision 
■  luality  parts  and  normally  errors  due  L;.  ageing  arc 
neg  1  i  g  ibl(; . 

b)  Environmental  Errors 

Eir- ir  .'Vimcnt  a  I  error.s  are  ejTor.s  duo  to  external  and 
internal  influences  not  .-issoe  i  al  cd  directly  with  the  compo¬ 
nent;;  that  go  into  iTie  fabricat.  ion  c;  1  the  instrument.  S.jmc  oi 
rlie  environmental  errors  tltat  may  arise  arc  caused  by; 

(1)  aiiibiitnt-tempcraturc  influtmco 

(2)  self-heating  influence 
(31  s t ray- f ie Id  influence 

The  following  is  a  di.scussion  of  environmental  errors  that 
may  be  associated  with  the  operation  of  the  P-3  wattmeter. 
(1)  Anibient-tcinpcrat -arc  influence 

Changes  in  ambitnit  temperature  affect  the  resistance 
ol  rlie  instrument  and  tin;  elasticity  of  its  control  ring. 
The  ri;si.stance  of  the  voltage  coil  ha.s  a  po.sitive  temper¬ 
ature  coefficient  which  could  cause  the  meter  to  read  low 


as  t!u'  ambi(!iiL  tcmpor jLiiri'  rises.  The  effect  of  rcsiscnncc 
change  i.s  offset  by  the  effect  of  the  control  spring 
cliange.  The  control  spring  lias  .1  negative  tcmpi'r aturc 
coct  licicnt  vWiich  could  cause  the  iiiel  er  to  read  high  a.s  the 
ambient  temperature  is  raised.  The  overall  clfcct  of 
aip.b  i  en  t -1  empe  r.i  tu  re  on  I  Ik;  i’-.l  .jattmeter  apjKars  to  be 
negligible.  The  .specification  on  the  !’-  5  meter  states  that 
the  change  in  reading  doc.s  not  exceed  0.0!  per  cent  per 
degree  centigrade-. 

{?.)  So  i  1 -heat  ’  ng  Inllnence 

The  self-heating  influence  is  caused  by  the  temper¬ 
ature  ri.so  due  to  the  1--R  lossiis  in  the  inatiinm-iit  windings 
.ind  re  ,s  i  .St  ance  .  Tin,-  ovc-rall  effect  oi  .se  1  1 -In.;  at  ing  on  the 
l’-'3  w.'ittmoter  appears  to  be  negligible  aii  :.-omp' -n.sa  C  i  on  is 
provided.  The  .-.-pei  if  icatit'n  vui  the  P-.i  meter  st.'ites  that 
the  change  in  re.uling  does  not  vXCeed  (! .  2  per  .ent  ef  full 
;icale  reading. 

(31  P.  i  ray- 1  i  e  Id  Inllucin-e 

The  iufliK'-nce  of  .-.frav  field.-,  isi  the  e  i  e-v- 1  rodyua- 
mometi-r  w.,-ter  movi-meuL  is  s.-ri.  ei  <.hn  to  ;he  cr.iail 
operal  i  ng  fluxec..  In  the  d-  -.i;-,!!  iil  the  1  3  v.’,i  t  tm-  t  1  t'-.c 

eliecL  of  str.iy  fields  i,-;  negligible  bee.'.us.  .  tie.-  u-;-,-  ei 
a  I  ami  nated- i  ron  shii.-ld  and  beeaii.sv-  of  th-  |'h-.,-.i.  .  1 
con  .'it  rue  t  ion  of  the  e.urrent  and  voltag.  e  -il,-.  e.uK  ■  1  ■ 
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7  . 'J  Random  Errors 


The  random  errors  associated  with  the  operation  of  the  P-3 
wattmeter  are  unpredictable  and  probably  would  be  a  result  of  noise  or 
transient  over  or  under-voltage  conditions.  Random  errors  are 
considered  to  be  negligible  unless  specifically  stated  as  an  experi¬ 
mental  variable  in  Part  II  of  this  thesis. 

7.4  Limiting  or  Guarantee  Error 

As  mentioned  in  Chapter  5,  the  P-3  wattmeter  is  subject  to 
limiting  or  guarantee  error.  The  limiting  error  or  stated  accuracy 
for  the  P-3  wattmeter  is  specified  as  +  0.2  per  cent  of  full  scale  value 
or  direct  current  and  on  alternating  current  of  any  frequency  up  to  133 
Hz  at  power  factors  greater  than  0.5.  The  limiting  error  for  the  P-3 
wattmeter  translates  to  a  +  1  watt  to  +  4  watt  error  depending  on  scale 
being  used.  This  error  is  normally  only  significant  at  readings  at  the 
low  end  of  the  scale. 

7.5  Conclusions 

The  General  Electric  Type  P-3  E lee trodynamometer  wattmeter  is 
a  versatile  and  accurate  measuring  device  and  can  be  used  to  measure 
dc,  sinusoidal  and  non-sinusoidal  power.  The  effects  of  gross  or  human 
errors  arc  kept  to  a  minimum  if  good  experimental  technique  is  used. 
The  effects  of  systematic  errors  due  to  voltage-coil  inductance  and 
capacitance,  mutual  inductance,  eddy  currents,  changes  in  frequency 
and  changes  in  waveform  arc  negligible.  Systematic  errors  due  to 
changes  in  power  factor  arc  negligible  if  power  factor  is  greater  than 
0.5.  The  systematic  errors  that  occur  most  often  arc  errors  due  to 
insertion  losses,  physical  construction  defects  and  the  ageing  of 


1 


mechanical  components  such  as  bearings  and  springs.  All  of  these 
systematic  errors  can  be  minimized  if  power  loss  correction  factors 
arc  used  and  if  regular  calibration  and  maintenance  is  performed.  The 
effects  of  environmental  errors  due  to  (1)  ambient-temperature  in¬ 
fluence,  (2)  self-heating  influence,  and  (3)  stray-field  influence  arc 
negligible  if  operated  in  its  normal  temperature  and  current  range  and 
environment.  The  effects  of  random  errors  arc  unpredictable  and  arc 
considered  negligible.  The  effect  of  limiting  or  guarantee  error  is 
only  significant  at  low  power  readings  (below  50  watts). 

The  reason  why  the  P-3  clectrodynamomcter  wattmeter  is  an 
accurate  measuring  device  results  from  its  ability  to  measure  instan¬ 
taneously  the  average  power  by  developing  a  torque  which  is  propor¬ 
tional  to  the  instantaneous  voltage  and  current.  This  accuracy  is  also 
a  result  of  high  precision  and  high  quality  parts  used  in  its 
fabrication.  The  P-3  wattmeter  is  not  advcrsly  affected  by  many  of  the 
normal  typos  of  meter  errors  and  offers  low  circuit  loading  at  low 
frequencies  . 
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CHAPTER  8 


FACTORS  WHICH  AFFECT  THE  ACCURACY  OF  THE 
GENERAL  ELECTRIC,  TYPE  VM-63-S  INDUCTION 
WATTHOUR  METER 

This  chapter  discusses  the  types  of  gross,  systematic,  and 
random  errors  that  may  occur  with  the  use  of  the  General  Electric  Type 
VM-63-S  Class  10  Induction  Watthour  Meter  [23,27,31,35].  It  discusses 
the  limiting  or  guarantee  error  which  in  essence  defines  the  accuracy 
of  the  induction  watthour  meter.  The  chapter  concludes  with  a  dis¬ 
cussion  of  why  the  VM-63-S  induction  watthour  meter  is  or  is  not  an 
accurate  energy  (power)  measuring  device. 

8.1  Gross  Errors 

The  gross  errors  associated  with  the  VM-63-S  induction 
watthour  meter  result  from  manufacturer's  or  test  laboratory's  cali¬ 
bration  errors,  failure  to  make  necessary  meter  compensating  adjust¬ 
ments  for  low  power  factor  loads,  failure  to  read  and  record  data 
correctly  and  failure  in  computational  analysis  of  data.  For  the  VM- 
63-S  meter  used  in  Part  II,  the  magnitude  of  the  gross  error  is 
considered  to  be  negligible  unless  specifically  stated  otherwise. 

8.2  Systematic  Errors 

The  systematic  errors  associated  with  the  operation  of  the 
induction  watthour  meter  are  classified  as  a)  instrumental  errors  and 


b)  environmental  errors 
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a)  Instrumental  Errors 

Instrumental  errors  are  inherent  meter  errors  caused  by: 

(1)  instrument  power  losses 

(2)  improper  meter  adjustments 

(3)  changes  in  voltage 

(4)  overload 

(5)  changes  in  frequency 

(6)  changes  in  waveform 

(7)  changes  in  power  factor 

(8)  physical  construction  defects 

(9)  ageing  electrical  and  mechanical  properties 

The  following  is  a  discussion  of  instrumental  errors  that 
may  be  associated  with  the  operation  of  the  VM-63-S  induction 
watthour  meter. 

(1)  Instrument  Power  Loss 

The  instrument  power  losses  associated  with  the  VM- 
63-S  watthour  meter  arc  a  result  of  insertion  losses  due  to 
the  physical  connections  made  by  the  voltage  and  current- 
coil  circuits.  Just  like  the  P-3  wattmeter  the  two 
connections  arc  the  I^Rq  and  V^/Ry  correction  connec¬ 
tions  which  arc  shown  in  figure  8.1(a)  and  8.1(b).  For 
the  VM-63-S  induction  watthour  meter  the  I^Rq  losses  vary 
between  0  and  1.25  watts,  while  the  V^/Ry  losses  arc 
constant  at  93.5  watts.  The  large  V^/Ry  loss  results  from 
the  low  voltage-coil  resistance  of  154  ohms  and  as  a  result 
the  I^Rc  connection  must  be  used  to  prevent  large 
systematic  error. 


Figure  8.1(b)  V2/Ry  Correct!  on  Connection 

(2)  Improper  Meter  Adjustments 

The  correct  operation  of  an  induction  watthour  meter 
is  dependent  on  three  main  adjustments.  These  adjustments 
are  the  full-load  adjustment  (also  called  the  main  speed 
adjustment),  the  light-load  adjustment  (also  called  the 
friction  adjustment)  and  the  inductive-load  adjustment 


(also  called  the  lag  adjustment).  The  full-load  ad¬ 
justment  provides  for  the  correct  magnetic-  breaking 
action  to  give  the  proper  speed  when  the  meter  is  operated 
at  rated  voltage  and  current  at  unity  power  factor.  The 
full-load  adjustment  has  approximately  the  same  effect  on 
meter  operation  at  all  loads.  The  light-load  adjustment 
compensates  for  the  effect  of  factors  which  have  neg¬ 
ligible  effect  at  full  load  but  would  introduce  appreci¬ 
able  error  at  light  load.  Some  of  those  light  load  factors 
arc  friction,  lack  of  linearity  of  driving  torque  with 
respect  to  load  current  and  the  existence  of  torques  due  to 
the  potential  flux  alone.  The  light  load  adjustment 
results  in  a  compensating  torque  which  is  constant.  The 
effect  of  this  adjustment  on  meter  accuracy  is  inversely 
proportional  to  load.  The  inductive-  load  adjustment  is 
used  to  provide  the  full  90  degree  lag  necessary  between 
the  voltage-coil  flux  and  the  line  voltage  to  give  correct 
measurement  at  all  power  factors.  If  this  inductive-  load 
adjustment  is  not  properly  made  serious  meter  errors  will 
result  at  power  factors  less  than  unity. 

One  last  adjustment  that  needs  to  be  made  is  for  meter 
"creep"  which  causes  the  disk  to  rotate  slowly  at  no  load 
(zero  current  in  current  coil).  This  creep  is  usually 
caused  by  too  large  of  a  friction-  compensating  torque  and 
is  corrected  for  by  drilling  two  small  holes  in  the  disk 
which  open  circuit  the  eddy  currents  in  the  disk  which 
results  in  a  small  locking  torque.  The  net  effect  of 
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improper  meter  adjustments  for  the  induction  watthour 
meter  is  that  large  errors  will  result  in  meter  readings  if 
the  meter  is  improperly  adjusted. 

(3)  Changes  in  Voltage 

In  theory  an  increase  of  the  voltage  applied  to  the 
voltage  circuit  should  increase  the  driving  torque  pro¬ 
portionately;  however,  in  practice  an  exactly  proportion¬ 
al  increase  in  disk  speed  will  not  occur  for  the  following 
two  reasons  [23]. 

"(i)  The  breaking  torque  in  a  meter  is  mainly  produced 
by  the  cutting  of  the  flux  of  the  permanent  magnet, 
but  is  partly  due  to  cutting  of  the  alternating  fluxes 
of  the  voltage  and  current  magnets.  This  is  of  little 
moment  as  long  as  these  alternating  fluxes  arc  of 
constant  rms  value.  Increase  of  the  voltage  flux 
clearly  violates  this  condition  and  causes  the  meter 
to  run  slow.  This  effect  is  important  at  higher  loads 
and  is  minimized  by  keeping  the  value  of  braking- 
magnet  flux  as  high  as  possible  in  comparison  with  the 
voltage-magnet  flux. 

(ii)  Increase  of  the  voltage  flux  increases  the 
friction-  compensating  torque  produced  by  the  voltage 
flux  and  tends  to  cause  the  meter  to  run  fast.  This 
is  the  more  important  effect  at  light  loads." 

The  effect  of  changes  in  voltage  is  negligible  providing 
these  voltage  changes  arc  not  large  or  frequently  occur¬ 


ring. 


(4)  Overload 


The  term  "overload"  means  that  the  current  in  the 
current  coil,  while  not  large  enough  to  cause  damage,  is  in 
excess  of  the  rated  current  of  the  meter.  Often  under 
actual  load  conditions  current  in  excess  of  rated  current 
exists  and  the  result  is  the  meter  tends  to  run  slow  due  to 
saturation  of  the  current  magnet  and  the  increase  in  the 
small  braking  torque  produced  by  the  flux  of  the  current 
magnet.  The  effect  of  overload  is  negligible  providing 
this  condition  docs  not  exist  for  extended  periods  of  time. 

(5)  Changes  in  Frequency 

Changes  in  frequency  from  the  calibrated  value  causes 
a  variation  in  the  reactance  of  the  voltage-coil  circuit 
and  a  variation  in  the  amount  of  compensation  in  the  phase 
compensating  circuit.  Under  normal  operation  this  fre¬ 
quency  variation  falls  within  a  narrow  range  and  is 
negligible  for  60  Hz  sinusoidal  signals.  When  non- 
sinusoidal  signals  arc  encountered,  the  effects  of  fre¬ 
quency  variations  can  be  significant. 

(6)  Changes  in  Waveform 

Since  waveform  variations  arc  composed  of  several 
harmonics,  the  net  effect  is  similar  to  frequency  dis¬ 
tortion  where  the  inductive  reactance  of  the  current  and 
voltage  coils  changes.  This  change  in  inductive  reactance 
can  cause  a  change  in  voltage  and  current-coil  current  and 
result  in  a  greater  phase  displacement  which  affects  the 


torque  developed  and  hence  the  power  reading.  The  effects 
of  non-sinusoidal  signals  on  induction  watthour  meters  can 
be  significant  and  have  been  investigated  [10,11,28,- 
29,35,36,37,38,39,40,41]  and  will  be  investigated  more  in 
the  future  as  more  power  electronic  devices  impact  on  the 
power  industry.  Another  characteristic  of  waveform  dis¬ 
tortion  is  the  presence  of  a  dc  component  which  is  not 
measured  by  an  induction  watthour  meter.  The  net  effect  of 
this  dc  component  on  utility  company  billing  has  been 
investigated  [10,11,38]  but  future  impact  will  necessitate 
further  analysis. 

(7)  Changes  in  Power  Factor 

Power  factor  errors  arc  primarily  caused  by  the 
inductive  reactance  of  the  voltage-coil  circuit.  As 
mentioned  earlier,  this  inductive  effect  is  compensated 
for  by  adjustment  of  the  inductive-load  adjustment.  If  the 
meter  is  properly  calibrated  and  operated  at  power  line 
frequency  this  effect  should  be  negligible. 

(8)  Physical  Construction  Defects 

Physical  construction  defects  arc  noraally  a  result  of 
errors  introduced  in  the  manufacture  of  the  meter.  Some 
possible  construction  defects  for  an  induction  watthour 
meter  might  be  defective  bearings,  bent  shaft,  warped 
disk,  defective  coils,  or  weak  magnets.  Normally  for  a  new 
and  calibrated  meter  these  errors  arc  negligible. 

(9)  Ageing  Electrical  and  Mechanical  Properties 

The  effects  of  ageing  on  the  electrical  properties 


such  as  resistance  and  inductance  is  negligible  for  the 
induction  watthour  meter.  The  effects  of  ageing  on  the 
mechanical  properties  can  be  significant  if  the  meter  is 
not  quality  checked  and  calibrated  on  a  regular  basis.  The 
induction  watthour  meter  is  subject  to  errors  due  to  dust 
and  dirt  in  the  meter  movement  mechanism,  worn  or  improp¬ 
erly  aligned  bearings,  warped  disk,  defective  coils,  and 
weaken  magnets.  Also,  the  effect  of  vibration  on  the 
mechanical  parts  of  a  meter  can  be  significant  if  the  meter 
is  improperly  installed  or  subjected  to  vibrations  for  an 
extended  period  of  time. 

(b)  Environmental  Errors 

Environmental  errors  that  may  adversely  affect  the  induction 
watthour  meter  arc: 

(1)  ambient-temperature  influence 

(2)  self-heating  influence 

(3)  stray-field  influence 

The  following  is  a  discussion  of  environmental  errors 
that  may  be  associated  with  the  operation  of  the  VM-63-S 
induction  watthour  meter. 

(I)  Ambient-temperature  influence 

Tlie  effects  of  changes  in  ambient-temperature  on  the 
operation  of  an  induction  watthour  meter  are  classified  as 
Class  I  or  Class  II.  Class  I  effects  produce  a  change  in 
speed  and  arc  independent  of  the  power  factor  of  the  load 
being  measured.  The  major  influence  of  Class  I  effects  is 
a  •  hange  in  strength  of  the  braking  magnets  which  will 
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normally  cause  the  meter  to  run  faster  as  temperature 
increases.  Class  II  effects  produce  a  change  in  speed  and 
vary  with  the  power  factor  of  the  load.  The  major 
influence  of  Class  II  effects  is  a  change  in  phase  angle 
between  the  potential  flux  and  the  current  flux  which  is 
caused  by  a  change  in  resistance  of  the  potential-coil 
winding,  a  change  in  iron  loss  of  the  potential-coil  core 
and  a  change  in  resistance  of  the  lag  plate  and  disk.  The 
overall  effect  of  ambient-temperature  on  the  induction 
watthour  meter  normally  is  not  significant.  I  was  unable 
to  find  a  specification  that  specified  the  change  in 
accuracy  per  degree  Centigrade  change  for  the  VM-63-S 
watthour  meter. 

(2)  Self-heating  Influence 

The  self-heating  influence  is  caused  by  the  tempera¬ 
ture  rise  due  to  the  I^R  or  V^/R  losses  of  the  instru¬ 
ment.  For  the  VM-63-S  meter  the  V^/r  loss  is  very  large 
(93.5  watts)  and  necessitates  using  the  I^r  connection. 
The  overall  effect  of  self-heating  on  the  VM-63-S  using  the 
I^R  connection  is  negligible.  I  was  unable  to  find  a 
specification  that  specified  the  change  in  accuracy  for 
the  VM-63-S  watthour  meter. 

(3)  Stray-field  Influence 

The  influence  of  stray  fields  on  the  operation  of 
an  induction  watthour  meter  is  normally  considered  negli¬ 
gible  due  to  the  high  driving  torque  of  the  meter.  If  the 
stray  fields  arc  exceedingly  strong,  eddy  currents  can 


be  produced  in  the  meter  disk  which  react  with  the 
potential-coil  flux  to  develop  a  torque  which  causes 


creeping . 

8.3  Random  Errors 

The  random  errors  associated  with  the  operation  of  the  VM-63- 
S  induction  wattmeter  arc  unpredictable  and  probably  would  bo  a  result 
of  noise  or  tran.sicnC  over-  or  under-voltage  conditions.  Random 
errors  arc  considered  to  be  negligible  unless  specifically  stated  as 
an  experimental  variable  in  Part  II  of  this  thesis. 

8.4  Limiting  or  Guarantee  Error 

As  mentioned  in  Chapter  5,  the  VM-63-S  induction  watthour 
meter  is  subject  to  limiting  or  guarantee  error.  The  limiting  error  or 
stated  accuracy  [reference  ANSI  Standard  C12-1975]  for  the  \Tl-63-S 
class  10  induction  watthour  meter  is  specified  as  a  nominal  manu¬ 
facturer's  accuracy  [26]  of  0.4  per  cent  of  full-load  current  at  a 
power  factor  of  1.0,  and  +  1.0  per  cent  at  full-load  current  at  a  power 
factor  of  0.5  lagging,  and  0.5  per  cent  at  light-load  (10  per  cent  of 
full  load)  current  at  a  power  factor  of  1.0  for  60  Hz  alternating 
current  systems.  The  main  difference  in  specifying  limiting  error  for 
an  indention  watthour  meter  is  that  its  pci  '  ent  accuracy  is  expressed 
as  a  per  cent  of  the  reading  and  therefore  has  the  same  per  cent  error 
at  low  and  high  energy  (power)  readings. 

8.5  Conclusions 

The  General  Electric  Type  VM-63-S  Induction  Watthour  Meter  is 
the  typical  induction  type  of  meter  that  is  used  in  most  industrial 


applications  for  measuring  energy  usage.  It  is  not  designed  to  measure 
accurately  energy  (power)  that  has  both  an  ac  and  a  dc  component,  as 
the  meter  only  responds  to  ac  variations.  Its  ability  to  measure 
accurately  non-sinusoidal  power,  especially  power  with  a  large  dc  com¬ 
ponent,  is  questionable.  Extensive  studies  have  been  conducted  by  the 
Electric  Power  Research  Institute  (EPRI)  [35]  into  the  effects  of 
harmonic  distortion  on  the  operation  of  the  induction  watthour  meter 
and  EPRI  has  concluded  that  the  induction  watthour  meter  does  register 
within  standards  for  power  measurements  at  60  Hz  if  the  harmonic  con¬ 
tent  is  less  than  3  per  cent  of  the  total  power.  EPRI  goes  on  to  con¬ 
clude  that  the  induction  watthour  meter  docs  not  accurately  measure 
harmonic  power  content  that  exists  in  distorted  current  and  voltage 
waveforms.  Also,  articles  [28,29]  indicated  that  an  induction 
watthour  meter  used  to  measure  SCR  loads  could  have  an  accuracy  of  *  10 
per  cent.  These  loads  were  a  worst  case  condition  and  wouldn't 
necessarily  occur  under  normal  industrial  loading. 

The  GE  VM-63-S  watthour  meter  is  an  accurate  meter  for 
measuring  standard  industrial  60  Hz  measurements  for  both  sinusoidal 
and  nonsinusoidal  applications.  The  effects  of  gross  or  human  errors 
arc  kept  to  a  minimum  if  good  experimental  technique  is  used.  The 
effects  of  systematic  errors  due  to  changes  in  voltage,  overload,  and 
changes  in  power  factor  arc  negligible.  Systematic  errors  due  to 
changes  in  frequency  and  waveform  can  be  significant  with  non¬ 
sinusoidal  signals  containing  a  high  dc  component.  Systematic  errors 
due  to  physical  construction  defects  or  due  to  the  ageing  of  electrical 
and  mechanical  components  can  be  minimized  if  regular  calibration  and 
maintcncncc  is  performed.  Probably  the  two  most  significant  sys- 


tcraatic  errors  occur  due  to  high  insertion  losses  if  proper  correction 
factors  arc  not  used  and  due  to  improper  meter  adjustments  if  the  meter 
is  misaligned  or  miscalibrated .  The  effects  of  environmental  errors 
on  the  induction  watthour  meter  arc  considered  to  be  negligible  if 
operated  in  its  normal  temperature  and  current  range  and  environment. 
The  effects  of  random  errors  arc  unpredictable  and  arc  considered 
negligible.  The  effect  of  limiting  or  guarantee  error  is  negligible 
because  the  meter  accuracy  is  based  on  a  per  cent  of  the  meter  reading 
rather  than  a  per  cent  of  full  scale. 


PART  II 


TESTING  AND  EXPERIMENTAL  WORK 


CHAPTER  9 


T 


Prc-cxpcr imontal  Analysis  and  Test  Procedures 


This  chapter  sets  forth  tlic  pre-exper imcntal  analysis  that 
was  done  and  the  criteria  used  to  determine  the  accuracy  of  the  meters 
used  in  measuring  single-phase  power  from  a  sinusoidal,  a  half-wave 
rectified  and  a  bidirectional  thyristor-controlled  source.  It  dis¬ 
cusses  the  experimental  setup  and  procedures  as  well  as  the  power 
correction  factors  used.  It  concludes  by  defining  the  characteristics 
of  the  various  test  loads. 


9.1  Pre-exper imcntal  Analysis 

Prior  to  doing  the  experimental  work,  it  was  necessary  to 
establish  procedures  that  would  fairly  compare  the  meters  being  tested 
under  what  would  be  their  normal  operating  conditions.  The  typos  of 
meters  tested  wi're: 

a)  tw<i-t.'encral  Electric,  Type  P-3  Electrodynamometer  Watt¬ 
meters 


b)  two-Cl arke-Hess ,  Model  253  Digital  Wattmeters 

c)  onc-General  Electric,  Type  VM-63-S,  Class  10  Induction 
Wattliour  Meter. 

A  complete  li.st  of  equipment  used  for  the  experimental  work  can  be 
found  in  Appendix  1. 

It  was  decided  that  three  common  sources  of  power  that  all 
meters  were  expected  to  measure  were  the  120  volt,  60  Hz  sinusoidal 
source,  a  half-wave  rectified  source  and  a  bidirectional  thyristor- 
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controlled  source. 


It  was  also  decided  that  the  meters  would  be 


subjected  to  the  following  loading  conditions: 

a)  a  high  power-factor  load  (primarily  resistive) 

b)  a  resistive-inductive  (R-L)  load 

c)  a  resistive-capacitive  (R-C)  load. 

This  varying  load  would  subject  the  test  meters  to  both  a  lagging  and 
a  leading  power-factor. 

In  order  to  compare  the  meters,  the  following  limitations  wore 
established ; 

a)  the  total  composite  current  was  loss  tlian  or  equal  to 
5  amps. 

b)  the  total  power  measured  was  less  than  1000  watts. 

c)  the  power  factor  of  the  circuit  was  varied  between  0  and 
1.00  (both  lagging  and  leading). 

The  above  limitations  were  primarily  based  on  the  limited  current 
range  of  5  amps  of  the  Clarkc-Hess  (C.ll.)  meters  and  the  requirement  to 
measure  within  a  power  range,  .such  that  the  elcctrodynamomcter  (P-3) 
wattmeters  would  not  incur  gross  crror.s  due  to  the  limited  scale 
resolution  of  the  P-3  meters  at  the  low  end.  It  was  decided  that  based 
on  a  single-phase  120  volt  source  that  the  power  range  would  vary 
between  0  to  600  watts.  Tliis  power  range  was  used  primarily  for 
comparing  the  P-3  and  the  C.H.  meters.  This  power  range  was  at  the 
lower  range  ol  the  VM-63-S  induction  watthour  meter  but  later  test 
results  did  not  show  this  to  be  a  problem  except  at  power  readings 
below  50  watts. 
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9.2  Criteria  Used  in  Determining  the  Accuracy  of  the  Power 
Measurement 

The  original  idea  was  to  do  a  comparison  of  the  different 
types  of  meters,  and  to  compare  these  results  to  a  calculated  power 
reading  based  on  the  voltage  and  current  across  a  purely  resistive  load 
and  to  a  graphical  analysis  method.  Later  experimental  results, 

I  however,  showed  two  significant  problems  that  would  make  the  later  two 

I 

j  methods  for  determining  power  less  accurate  than  a  comparative 

analysis  of  meters  approach.  The  first  problem  came  from,  the  fact  that 
a  purely  resistive-load  was  not  available  for  the  power  and  current 
ranges  desired.  As  can  be  seen  in  section  9.5,  the  actual  character¬ 
istics  of  the  high  power-factor  load  contained  a  significant  amount  of 
inductance.  Also  it  was  found  that  depending  on  the  way  the  load  was 
dialed  into  the  circuit  (crude  adjustment  or  load  potentiometer)  or 
depending  on  how  much  of  each  resistance  load  was  used  that  a 
considerable  difference  in  inductance  resulted.  The  problem  of  trying 
to  calculate  power  based  on  the  voltage,  current  and  power  factor  of 
the  load  grew  worse  when  additional  inductance  (R-L  load)  and 
additional  capacitance  (R-C  load)  was  added  to  the  liigh  power-factor 
load.  An  additional  problem  in  trying  to  compute  a  calculated  value  of 
power  based  on  the  voltage,  current  and  power  factor  of  the  load  is  the 
guarantee  error  associated  with  each  measuring  meter .  Therefore,  this 
i  method  of  computing  power  was  eliminated,  as  the  accuracy  of  this 

method  was  suspect  for  the  above  listed  reasons.  The  second  problem 
1  came  from  trying  to  apply  a  graphical  analysis  method.  After  the  tests 

were  performed,  the  test  data  on  the  P-3  and  C.H.  meters  varied 
normally  by  only  ^  3.0  per  cent.  It  was  decided  that  due  to  the 


r 


inlu'ient  inaccuracies  of  the  graphical  analysis  method  because  of 
scope  and  probe  antenuation,  because  of  variations  in  shunt  and  load 
resistance,  and  because  of  Cfnnputational  error  and  inaccuracy,  that 
the  graphical  method  would  not  be  used. 

Since  both  Che  calculated  power  method  (Vj^xl^x  cos  )  and  the 
graphical  analysis  method  proved  insufficient  for  the  type  of  accuracy 
desired,  and  since  no  primary  or  absolute  standard  was  available,  it 
was  decided  that  a  comparative  method  using  the  P-3  meters  as  the 
reference  st.indard  was  the  best  approach  in  determining  tlie  relative 
power  reading  being  measured.  Thi.s  comparative  method  was  not 
expected  to  give  an  absolute  value  of  power  but  to  show  how  a 
comparative  range  or  relative  degree  of  uncertainty  exists  in  similar 
type.s  of  power  measurements  using  these  types  of  meters. 

9.3  Experimental  Setup  and  Procedures 
Experimental  Setup 

Tlio  experimental  setup  designed  for  measuring  single-phase 
power  is  shown  in  figures  9.1  and  9.2.  Figure  9.1  shows  that  a  standard 
120  V  60  llz  source  is  being  fed  to  the  power  and  energy  meters.  The 
output  of  the  meters  arc  fed  to  the  specific  test  source  (cither  ac , 
half-wave  rectified,  or  thyristor-controlled)  and  from  this  source  to 
the  test  load.  A  shunt  with  cathode-ray-oscilloscopc  is  used  to 
maintain  a  visual  presentation  of  what  is  happening  in  the  circuit. 
Figure  9.2  is  the  actual  wiring  diagram  used  for  all  testing.  A 
switching  arrangement  is  used  for  the  various  power  and  energy  meters 
to  provide  isolation  of  each  meter  when  measuring  power  and  to  limit 
the  loading  effect  of  each  meter.  This  arrangement  worked  very  well 
throughout  the  experimental  process. 


crimcntal  Setup 


1 


It  should  be  pointed  out  that  all  power  and  energy  measure¬ 
ments  were  made  at  the  line  side  of  the  test  source.  For  this  reason 
the  voltage  coil  of  all  the  measuring  devices  was  always  subjected  to 
a  sinusoidal  voltage  signal.  Also  as  a  result  of  this  line  side 
measurement  the  only  nonsinusoidal  circuit  variation  would  occur  in 
the  current  waveform.  The  line  side  measurements  were  used  primarily 
because  this  would  be  the  normal  configuration  for  the  induction 
watthour  meter  (W.H.M.). 

Experimental  Procedures 

The  experimental  procedures  consisted  of  varying  each  load 
with  each  test  source  and  measuring  the  power.  The  120  V,  60  Hz  source 
and  the  half-wave  rectified  source  were  direct  in-line  sources.  The 
bidirectional  thyristor-controlled  (triac)  source  was  fabricated 
earlier  during  work  on  a  special  research  project  for  the  U.S.  Army 
(contract  number  DAAK  70-80-C-01 36) .  The  test  loads  consisted  of  a 
high  power-  factor  load  (0-240  ohm.s  of  resistance  and  0  to  100  ohms  of 
inductive  reactance),  a  resistive-inductive  load  (high  power-factor 
load  plus  a  65  milli-hcnry  inductance),  and  a  resistive-capacitive 
load  (high  power-factor  load  plus  a  140  micro-farad  capacitance). 

Tlie  test  procedures  consisted  of  selecting  a  source  anti  load, 
varying  the  current  from  0  to  5  amps  and  measuring  individually  the 
circuit  power  with  each  meter.  In  the  ease  of  the  W.H.M. ,  a  counter 
network  was  devised  to  measure  the  number  of  disk  revolutions.  This 


counter  circuit  is  shown  in  figure  9.3. 
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Figure  9.3  Counter  Network  Used  With  the  W.H.M. 

The  average  power  of  tl>e  circuit,  when  using  the  W.M.M.  was  measured  by 
counting  the  number  of  disk  revolutions  in  a  spcciticd  period  of  time. 
The  average  power  of  the  circuit  was  calculated  by  the  following 
equation 

PaVG  "  ~~2  ^  COUNT  X  i  (9.1) 

where  Kh  =  is  the  watthour  constant  =  2.4 


t 


time  in  seconds 


Equation  9.1  can  be  further  simplified  to  the  following: 


^AVG . 


4320  X 


COUNT 

tSEC 


(9.2) 


Note:  In  order  to  be  able  to  compare  the  W.H.M.  power  readings  with  the 
P-3  and  C.H.  power  reading.s  it  is  essential  that  the  load  be  maintained 
constant  for  the  measuring  time  interval.  Power  readings  were  taken 
with  the  C.H.  wattmeters  botli  before  and  after  the  readings  were 
completed  using  the  W.H.M.  No  large  changes  between  these  initial  and 
final  power  readings  were  observed,  thus  the  comparison  of  W.H.M.  to 
the  P-!l  and  C.H.  meti'rs  arc  fair  comparisons.  It  is  also  realized, 
however,  that  some  load  variation  did  exist  with  time  and  as  a  result 
some  error  may  be  introduced  in  this  comparison,  especially  at  low 
power  mcasuremonts .  This  change  in  load  with  respect  to  time  was 
partially  offset  by  reducing  the  time  interval  and  measuring  time  in 
tentlis  of  a  second  versus  measuring  time  in  seconds. 


9.4  I'ower  Correction  Factors 

As  mentioned  in  Chapters  6,  7  and  8,  all  three  meters  arc 
subject  to  instrumental  error  due  to  instrument  power  loss  caused  by 
the  loading  effect  of  the  meters.  This  instrument  power  loss  causes 
the  meters  to  read  higli  for  both  the  l^Rg  and  the  V^/Ky  connections. 
As  a  result  of  this  instrumental  power  loss  all  measured  raw  data  was 
converted  to  a  power  corrected  (P(;oRR  ^  value.  This  corrected  value 
was  used  for  tiie  comparisons  between  meter  types.  The  actual  power 


correction  factors  used  for  each  meter  at  the  various  current  ranges 


and  for  the  various  connections  arc  sliown  in  Table  9.1.  The  I^Rg 
correction  term  was  used  for  all  meters  as  this  was  the  actual  test 
configuration  used. 

9 ■ 5  Characteristics  of  Various  Test  Loads 

The  test  lo.ids  used  in  tlie  experimental  v.urk  consisted  of  the 
f ol lowing : 

a)  a  high  power-factor  load  (0-240  ohms  of  resistance  and 
0-100  ohms  of  inductive  reactance) 

b)  a  resistive-inductive  (R-L)  load  (the  high  power-factor 
load  plus  a  65  milli-iicnry  series  inductance) 

c)  a  rcsi.stive-capacitivc  (R-C)  load  (the  high  power-factor 
load  plus  a  140  micro-farad  series  capacitance). 

The  test  loads  were  selected  so  that  Clio  test  meters  would  be  subjected 
Co  botli  a  lagging  and  a  leading  power  factor  and  so  that  the  range  in 
power  factor  would  vary  considerably  from  0  to  1.00. 

The  major  problem  with  tlu^  load  citarac  ter  i ;;  t  i  c  s  was  with  Che 
high  power- factor  load.  Ideally,  this  load  was  desired  to  b...  purely 
resistive  hut  bicause  the^  load  resistance  was  actually  wrapped  in 
coils  on  an  insulator  .in  actual  inductance  v.ilue  as  great  as  266  milli- 
heiiryc.  was  ol)served.  The  d.iCa  taken  in  di:  1  ernii  n  i  ng  the  actual  load 
ch.i  I'.ic  t  e  r  i  I  i  I  s  is  given  in  T.ahle  9.2  .iiid  .i  plot  of  the  aclu.il  load 
inductance  for  the  high  power-factor  load  is  shown  in  i igurc  9.4.  A 
further  complication  with  determining  the  .actual  load  char  ac  ter  i  .st  ic  s 
of  the  high  powc.'i- fac till-  load  resulti'd  l  rom  the  actual  experimental 
procedure  used  in  dialing  the  various  resistive  loads  (crude  adjust¬ 
ment  on  load  potentiometer)  into  the  circuit.  It  was  found  that, 


depending  on  how  much  of  each  resistive  load  was  used  in  the  circuit, 
a  considerable  difference  in  inductance  could  result.  Because  of  this 
nonlinearity  of  the  resistive  loads  it  was  necessary  to  establish  a 
test  procedure  where  the  high  power-factor  load  was  varied  the  same 
(removing  one  load  resistance  at  a  time  in  the  same  order  each  time) 
for  each  test  setup.  The  resulting  inductance  curve  for  this  setup  is 
shown  in  figure  9. A. 

The  test  R-L  load  consisted  of  the  high  power-factor  and  the 
load  in  series  with  an  inductance  of  approximately  65  milli-henrys  and 
the  test  R-C  load  consisted  of  the  high  power-factor  load  in  series 
with  a  c apac  i  t aiice  of  approximately  140  micro-farads.  The.se  test 
Kiads  did  not  present  any  problems  in  the  experimental  work  as  did  tlie 
liigli  power- fact  or  load  mentioned  previously. 


CHAPTER  10 


MEASURING  SINGLE-PHASE  POWER  USING  A  SINUSOIDAL  SOURCE 

lliis  chapter  discusses  Che  experimental  results  obtained 
using  a  sinusoidal  source  with  a  high  power-factor  load,  a  R-L  load  and 
a  R-C  load.  It  draws  individual  cone  I  Lisi<.)ns  for  each  type  of  load  by 
comparing  Che  power  readings  by  meter  types  and  by  comparing  the 
average  power  readings  of  the-  P-3  meters,  Che  C.H.  meters  and  the 
W.ll.M.  The  chapter  concludes  !)y  summa  r  i  x  i  iig  the  com:  1  us  ions  obtained 
using  the  sinusoidal  source  with  the  various  loads. 

1 0  ■  I  High  Power- Pactor  l.oad  IV'st 

This  test  was  conducted  using  a  sinusoidal  source  and  the  high 
power-factor  load.  The  re.nilts  of  this  test  are  as  follows: 
a)  Comparison  of  Pow>t  Ri'adings  by  Meter  Types 

(refi'reiue  table;;  lU.l  .iiul  lu.d) 

(1)  The  P-3  meter  ;■  adiiig;;  were  within  ^  2  per  cent  of  each 
other  for  all  power  mcasuienu  n t s . 

(2)  Tile  C.H.  iiu  ;  e'-  re.idiug.  W'  witliin  ■*  1  digits  and  ■*  1 

per  cent  ul  each,  t'lher  tor  .ill  power  measurements  except 
■  It  the  low  power  imasuri.  nun  t  of  'ib  watt.;. 

(3)  A  comparison  oi  C.H.  meters,  me.isuring  power  on  tlu:  *’200 

and  Piooo  tange,'.  resulted  in  a  difference  ef  less  than  +  2 
per  cent.  Th  i ;;  indicated  that  either  scale  could  be  used 
for  measuring  power.  The  P2no  was  used  for  the  re¬ 

mainder  of  the  experiments  as  the  Piqoo  range  gave  con- 


siscanCly  higher  readings  than  the  P200  and  because 

tile  P200  nange  was  closer  to  the  values  measured  by  the 
P-3  iin  ters.  Note:  the  Poyy  and  PjqoO  ‘measurements  arc 
based  on  the  voltage  selection  switch  settings  of  V200 
V|(,y().  There  is  no  actual  P-ioo  ^1000  setting  on  the 

t;  M  .  met  I'l  . 

(4)  The  expanded  scale  (PxlO)  for  the  C.H.  meters  is  only 
guaranteed  accurate  at  current  and  voltage  values  of  less 
tlian  40  per  cent  of  tiu-  current  and  voltage  switch 
settings.  The  values  of  PxlO  readings  for  currents 
greater  than  2.0  amps  became  suspect.  The  data  from 
table  10.  1  indicates  clearly  how  gross  i.rrors  can  occur  if 
one  tries  to  use  the  expanded  scale  outside  its  specified 
range.  The  maximum  error  for  using  tlic  expanded  scale 
(PxlO)  outside  its  specified  range  ("INPL'T  OVERLOAD" 
light  ON)  was  a  -9.2  per  cent  at  the  .5  amp  value.  Note: 
the  "INPl'T  overload"  light  is  an  indicating  L.E.D.  that 
indicates  that  the  peak  input  levels  exceed  the  dc  set 
points.  The  brightness  01  the  L.E.D.  indicator  gives  an 
indication  of  how  long  the  input  signals  arc  spending  in 
tlu:  overload  region. 

b)  Comparison  of  Average  Power  Readings  (reference  table  10-3) 

(1)  The  C.H.  AVG.  power  readings  were  between  1  and  3  per  cent 
higher  than  the  P-3  AVG.  readings. 

(2)  The  W.H.M.  average  power  readings  were  between  0  to  3  per 
cent  lower  than  the  P-3  AVG.  readings  with  the  exception 
of  one  reading  at  the  1.00  amp  setting. 


10.2  Ro.si.sLivc-Inducci  VC  (R-L)  I.,oacl  Test 


This  test  was  conducted  using  a  sinusoidal  source  and  the  high 
power-factor  load  in  scries  with  a  65  inilli-hcnry  inductance.  The 
results  of  this  test  are  as  follows: 

a)  Comparison  of  Power  Readings  by  Meter  Types 

(.reference  tables  10-4  and  10-5) 

(1)  The  P-3  meter  readings  were  within  ;+  2  per  cent  of  each 
other  for  all  power  measurments  e;cept  for  one  reading  at 
the  low  power  measurement  of  43.2  watt.s. 

(2)  Thi-  C.ll.  meter  rcading.s  were  within  ^  2  digits  and  ^  2  per 
cent  for  all  power  measurements  taken  up  to  the  4.00  amp 
setting.  At  current  values  greater  than  4.00  .impSjC.H.  "1 
was  affected  significantly  by  the  decrease  in  power- 
factor  due  to  the  increase  in  inductance.  At  a  power- 
factor  less  than  0.500,  tlie  variation  between  C.ll.  #1  and 
C.H.  #2  became  significant  and  resulted  in  a  maximum 
difference  of  12.7  per  cent  at  the  4.80  setting.  Note: 
C.H.  ?-2  meter  bcliaved  very  similarly  to  the  P-3  meters. 

b)  Comp.irison  of  Average  Power  Readings  (reference  table  10-6) 

( 1 )  The  C.H.  AVC.  power  readings  were  between  0  to  2  per  cent 
higher  than  the  P-3  AVG.  readings  for  values  up  to  4.00 
amps.  At  values  greater  than  4.00  amps  this  difference 
increased  to  4  per  cent  higher  due  to  tin-  increase  power 
readings  of  C.ll.  #1. 

(2)  The  W.H.M.  average  power  readings  were  generally  between 
3  to  7  per  cent  lower  than  the  P-3  AVG.  readings  for  all 
values  except  at  the  low  power  readings  of  52.5  and  44.5 


1 


watts.  At  these  Low  power  readings  the  W.H.M.  indicated 
a  significantly  smaller  reading  of  11.2  and  19.6  per  cent 


lower  than  the  P-3  AVG .  These  lower  readings  were  a 
r<'snlt  of  tlio  increased  circuit  inductance  and  a  corres¬ 
pondingly  lower  power-factor  at  these  low  power  readings. 
Notv  :  The.se  values  at  low  power  arc  approximately  10  per 
cv.-nt  lower  than  for  the  high  power-factor  load  of  table 
10-3. 

10. 3  Resistive-Capacitive  (R-C)  Load  Test 

Til  is  test  was  conducted  using  a  sinu.soidal  source  and  the  high 
power- f ac tor  K>ad  in  series  with  a  140  micro-farad  capacitance.  The 
results  of  this  test  arc  as  follows: 

a)  Comparison  of  Power  Readings  by  Meter  Types 

(reference  tables  10-7  and  10-8) 

(1)  The  P-3  meter  readings  were  within  +  2  per  cent  of  each 
other  for  all  power  measurements  except  for  one  reading  at 
th('  low  power  measurement  of  55  watts. 

(2)  Tlie  C.Il.  meter  readings  were  within  ^  2.5  digits  and  +  3 
per  cent  for  all  power  men  su  remen  t  .s  . 

(3)  A  comparison  of  C.H.  meters  indicated  a  similar  com- 
p.trison  to  the  high  power-factor  load  of  table  10-2. 

b)  Cv'inpar  i  son  of  Average  Power  Readings  (reference  table  10-9) 

(11  The  C.il.  AVG.  power  readings  ranged  from  I  per  cent  lower 
to  3  per  cent  higher  than  the  P-3  AVG.  readings. 

(21  The  W.H.M.  average  power  readings  ranged  from  9  per  cent 
li>wer  to  1  per  cent  higher  than  the  P-3  AVG.  readings. 
Ihe  W.H.M.  showed  a  tendency  to  increase  in  value  compared 


to  the  P-3  AVG.  readings  as  Che  capacitive  reactance 
became  a  more  significant  part  of  the  circuit  load.  This 
increase  in  power  readings  of  the  W.H.M.  is  due  to  Che 


phase-angle  tlecreasing  between  tlic  voltage  and  current 
components  which  results  in  a  higher  net  power  reading. 

1  0 .  A  Cone  lus  i(^ns 

The  results  of  using  a  sinusoidal  source  and  varying  the 
Ifjading  with  both  a  loading  and  lagging  power-factor  and  measuring  the 
average  power  with  the  P-3's,  the  C.H.  's  and  the  W.H.M.  arc  as  follows: 

a)  The  P-3  wattmeter  readings  were  generally  within  ^  2  per  cent 
of  each  other  for  all  types  of  loads.  The  P-3  meters  did  not 
seem  to  be  affected  by  power-factor  variations.  This  result 
agri'cs  with  reference  21,  as  the  P-3  wattmeter  reading  is 
expected  to  be  the  same  rcgardlc.ss  of  leading  or  lagging 
power-factor  circuit  conditions,  since  the  average  torque  and 
average  power  is  a  result  ol  ih»'  instantaneous  product  of 
voltage  and  current.  The  effect  of  limiting  error  on  the  P-3 
wattmeter  is  only  significant  at  low  power  readings  I’bclow  50 
watts)  and  this  effect  wa.s  confirmed  by  the  te'st  result.s. 

b)  The  C.H.  wattmeter  readings  were  generally  within  ^  3  digits 
or  3  per  cent  of  each  other  for  all  types  of  loads.  The  only 
significant  difference  occurred  with  C.H.  i*  1  when  measuring 
the  R-L  load  at  current  values  above  A. 00  amps.  The  test  data 
of  tables  10-5  and  10-6  indicate  that  C.H.  #1  was  affected  by 
changes  in  power-factor,  especially  at  a  lagging  power-factor 


of  0.112  where  the  per  cent  difference  between  C.H.  #1  and 
cither  C.H.  or  the  P-3  meters  increased  to  +  13  per  cent. 
Generally,  the  C.H.  meter  readings  were  within  ^  3  per  cent  of 
the  P-3  meter  readings  for  all  tests  performed  in  this 
chapter . 

(c)  The  C.H.  meters  have  the  capability  of  measuring  power  on 
several  scales  (P200*  ^1000  PxlO)  and  the  c.xpcrimcntal 

data  showed  less  than  a  2  per  cent  difference  between 
different  scale  measurements.  It  was  also  found  that  the 
"INPUT  OVERLOAD"  condition  would  result  if  either  current  or 
voltage  values  were  exceeded  on  any  scale.  The  result  of  an 
Input  Overload  condition  on  the  PxlO  scale  resulted  in  a  gross 
error  of  -10  per  cent  for  the  test  performed  on  the  high 
power-  factor  load. 

<l)  The  W.H.M.  readings  compared  to  Llic  P-3  AVG .  wattmeter 

readings  varied  considerably  depending  on  the  typo  of  load. 
For  the  high  power-factor  load,  the  variation  between  the 
W.H.M.  and  the  P-3  AVG.  reading  ranged  from  0  to  3  per  cent 
lower.  For  the  R-L  load,  the  variation  betv/oen  the  W.H.M.  .and 
the  P~i  AVt;.  reading  was  generally  lowered  an  additional  3 
percent  .ind  the  range  of  tlii.s  variation  wa.s  between  -3  to  -7 
per  cent.  This  increased  dilierencc  was  a  result  of  the 
increased  inductance  in  the  circuit  which  caused  a  consider¬ 
able  lagging  power  factor.  This  lagging  power-factor  also 
had  a  significant  effect  at  low  power  readings  as  the  dif¬ 
ference  between  the  W.H.M.  and  the  P-3  AVG.  reading  increased 


to  -11  and  -19.6  per  cent.  This  difference  may  have  been 
partially  due  to  operating  at  the  low  end  of  the  W.U.M.  but 
test  d.ita  on  the  liigli  power- fac  Lor  liiad  only  rc.sultcd  in  a  3 


per  cent  difference  at  this  same  low  power  reading.  For  the 
R-C  load,  the  variation  between  the  W.H.M.  and  tlie  P-3  AVG . 
reading  v.ari<il  between  a  -9  per  cent  to  a  +1  per  cent.  Again 
this  result  indicated  that  the  W.H.M.  is  affected  by  power- 
factor.  The  effect  of  L  nc  rc:a;;  i  ng  capacitive  reactance  was 
that  tile  W.H.M.  reading  wa;  gn  al  ei  than  the  P-3  AVC  .  reading, 
liii.s  spei-ding  up  of  tie.  W.H.M.  occtirs  with  a  capacitive-  load, 
as  a  simil.-ir  rersult  occurri-d.  on  the  thyristor-controlled 
R-C  I  1.1.1  •.■sf  '.so.-  '.I'We 
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CHAPTER  11 


MEASURING  SINGLE-PHASE  POWER  USING  A  HALF-WAVE  RECTIFIED  SOURCE 

Tills  chapter  discusses  the  experimental  results  obtained 
usinj;  a  hall-wave  rectified  source  with  a  high  power-factor  load,  a 
R-I,  load  and  a  R-C  load.  It  draws  individual  conclusions  for  each  type 
of  load  by  comparing  the  power  readings  by  meter  types  and  by  comparing 
the  average  power  readings  of  the  P-3  meters,  the  C.H.  meters  and  the 
W.H.M.  The  cliapter  concludes  by  summarising  the  conclusions  obtained 
using  the  half-wave  rectified  source  with  the  various  loads. 

I  1.1  Higli  Power-Factor  Load  Test 

This  test  was  conducted  using  a  half-wave  rectified  source  and 
the  high  power-factor  load.  Thi'  results  of  this  tt^st  arc  as  follows: 
a)  Comp.)  r  i  .son  of  Power  Readings  l)y  Meter  Types 
(lolereiice  t  al>  1  e  11.)  and  11.31 

(1)  The  P-3  miter  readings  were  within  +  2  per  cent  of  each 
other  for  all  power  measurements  except  for  the  low  power 
me.iMireiiien  r  •;  below  100  w.itts.  Again,  the  effect  of 
limiting  error  at  the  low  end  of  the  P-3  meter  scale  was 
indi..'iied.  as  a  3  watt  difference  in  power  resulted  in  a 
7  per  cent  Jif  fen-nee  in  meter  readings. 

(2)  The  I  ,11.  nuler  readings  wi-rc  within  +  A  digits  and  +  3  per 
eeni  of  e.ieh  •>ther  for  all  power  rae-asuremen ts  except  for 
the  low  power  measurements  below  100  watts.  The  effect  of 


*- 


limiting  error  at  the  low  end  of  the  C.H.  meter  range  was 
indicated,  as  a  2.5  watt  difference  in  power  resulted  in 
a  6  per  cent  difference  in  meter  readings. 

(d)  Surprisingly,  the  "Input  Overload"  light  lit  for  C.H. 
meter  readings  of  composite  ac  and  dc  current  values 
greater  than  4.00  amps.  This  is  an  indication  that  the 
C.H.  input  network  is  sensitive  to  signals  with  a  large  dc 
component  and  thus  the  spt^cified  input  range  of  0  to  5 
amps  may  need  to  be  clarified  to  state  that  a  non- 
sinusoidal  signal  containing  a  large  dc  component,  such 
■  IS  with  a  lial  f-wave  rectified  source,  may  result  in  an 
Input  Overload  condition  at  composite  current  values  less 
than  5  amps.  Analysing  the  C.H.  readings  indicated  chat 
tiiese  readings  were  within  the  expected  range. 

(b)  Comparison  of  Average  Power  Readings  (reference  table  11-3) 

(1)  Tht:  C.H.  AVG .  power  readings  were  between  0  to  3.2  per 
cent  higher  than  the  P-3  AVC .  readings. 

(2)  The  W.H.M.  average  power  readings  were  between  0  to  3  per 
cc;nt  lower  than  tlie  P-3  AVG.  readings  for  power  readings 
greater  Chan  100  watts.  At  power  readings  less  than  100 
w.itts  the  inductive  effect  of  the  high  power-factor  load 
was  significant  .and  a  per  cent  difference  of  -11.7  per 
cent  was  observed.  Generally  Che  W.H.M.  performed 
similarly  to  the  sinu.soidal  source  case. 


11.2  Rcsistivc-Inductivc  (R-L)  Load  Test 


This  test  was  conducted  using  a  half-wave  rectified  source  and 
the  high  power-factor  load  in  series  with  a  65  mill i-henry  inductance. 
The  results  of  this  test  arc  as  follows; 

a)  Comparison  of  Rower  Readings  by  Meter  Types 

(reference  tables  11-6  and  11-5) 

(1)  The  R-5  iiH'ter  re.ading.s  were  within  +  2.5  per  cent  of  each 
other  for  all  powir  mea.suremcn  ts  , 

(2)  The  C.H.  meter  reading;;  were  within  +  2  digits  and  ^3  per 
Cent  of  each  other  fiir  .ill  power  incasurenK’nt  s . 

b)  Comparison  of  Average  Power  Reading,;:  (reference  table  11-6) 

(1)  The.  C.H.  AVG .  power  readings  we;  e  between  0  to  3.6  per 
ccnl  higher  than  the  P-3  AVG.  readings. 

(2)  'rite  W.H.M.  avtn'age  (tower  readings  were  hetwi'cn  0  to  .  5 
ptr  cent  lower  titan  the  P- 3  AVG.  readings  for  power 
readings  greater  than  112  watts.  At  power  readings  Ic.ss 
than  112  watts  the  inductive  ifft'ct  I'f  the  high  power- 
factor  load  was  significant  and  a  per  cent  difference  of 
-16.1  per  cent  was  observed.  Generally  the  W.H.M. 
pt'rfonncd  similarly  to  thi-  sinusoidal  case  up  to  a  load 
power  value  of  225  watts. 

11.3  Resistive-Capacitive  (R-C)  Load  Test 

Tit  is  test  was  conducted  using  a  half-wave  rectified  source  and  the 
high  power-factor  load  in  series  with  a  140  micro-farad  capacitance. 
There  arc  no  rttsults  for  thi.s  tost  a;;  the  capacitor  presented  and 
infinite  impedance  to  the  circuit  and  no  ac  current  component  flowed. 


Tlio  capacitor  charged  up  to\f2~  times  the  rnis  line  voltage.  The  actual 
voltage  across  the  capacitor  was  156.8  Vj^  and  the  power  consumed  in 
the  circuit  was  3.7  watts. 

11.4  Conclusions 

The  results  of  using  a  half-wave  rectified  source  with  a 
varying  load  while  measuring  the  average  power  in  the  test  circuit  with 
the  P-J's,  the  C.ll.'s  and  the  W.H.M.  are  as  follows; 

a)  The  P-3  wattmeter  readings  were  generally  within  2.5  per 
cent  ot  each  other  for  all  power  mi  a.sureinen t s  except  at  very 
low  powi;r  ri;.'Klings  of  le.s.s  tli.in  50  watt;;. 

1)}  The  t.'.ll.  wat  liiK'tcr  ii'adin}’s  wen'  generally  within  +  4  digits 
.ind  +  i  per  cent  e  f  ('a.h  other  for  all  power  measurements 
I'.xcept  ai  very  low  p.’w.-i  re.idings  of  loss  than  100  watts.  The 
r.i.ix  I  ■  nun  pel  I'eiil  diil.  i'  in  ■  helweiii  C.il.  nietei';;  w.l.;  5.9  per 
lent  .md  tli.  lui  im.'.iin  p.  r  ■.  itl  'litlenr.ee  betwoin  the  O.H.  AVO . 
re.'id  in.ips  and  the  I’-'  AVO .  to  .idini's  was  ■*  3 . 4  per  cent, 
c)  I'he  W.H.M.  le.-idiii"  ;  i  ompariJ  to  the  ('-'i  A'.'O .  readings  wore 
between  0  t  ii  1  pi-r  cent  lower  lot  powi  i  readings  greater  than 
i).  vatt.s.  At  powi-r  re.idinp.s  le.ss  than  112  watts  the 
indue'  ive  effect  of  the  hig.h  power-factor  load  was  signi¬ 
ficant  and  a  per  cent  difference  of  up  to  -16.1  per  cent  was 
observed.  Generally  the  W.H.M.  performed  similarly  to  the 
sinusoidal  case  and  had  a  tendency  to  improve  in  per  cent 
diffen-nce  between  powi-r  readings  as  load  power  was  in- 
crca.sed.  This  reduetion  in  per  cent  difference  in  power 
readings  between  the  W.H.M.  and  the  P-3  AVG .  reading  was 
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primarily  a  result  o£  improved  accuracy  of  the  W.H.M.  with 
increased  power. 


d)  Surprisingly,  the  "Input  Overload"  light  lit  for  the  C.H. 
meter  readings  of  composite  ac  and  dc  current  values  greater 
than  4.00  amps.  This  is  an  indication  the  the  C.H.  input 
network  is  sensitive  to  signals  with  a  large  dc  component  and 
thus  Clie  specified  input  range  (jf  0  to  5  ,'imps  may  need  to  be 
clarified  to  st.ite  that  a  nonsinusoidal  signal  containing  a 
large  dc  component,  such  as  with  a  half-wave  rectified  source, 
may  result  in  an  Iiiput  Overlaiid  condition  at  composite  current 
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c.ise.  The  only  .inswer  for  this  apparent  contradiction  was 
th.U  the  voltage  component  was  alw.iys  sinusoidal  and  that  the 
dc  component  of  current  did  not  cause  a  significant  effect  on 
the  current  coil  flu.xes.  A  more  detailed  investigation  into 
the  operation  of  the  W.H.M.  when  large  dc  voltage  and  current 
components  are  cither  individually  present  or  jointly  present 
.should  be;  looked  at  in  the  future. 


'  .1* 


^  for  C.H.  ir\  .’.nd  C.H.  -,r2  P200  power  reading;;  are  subject  to  error  as  the 

INPI'T  OVERLOAD"  light  was  lit;  lioxjcvc:r,  reading;:  appear  to  be  within  the  expected  range 


for  C.H.  AVG.  watts  reading  is  subject  to  error  as  "INPUT  OVERLO; 
t;  however  readings  appear  to  be  within  expected  range. 


XX 


CHAFTEU  12 


MEASURING  SINGLE-PHASE  POWER  USING  A  THYRISTOR-CONTROLLED  SOURCE 

I'll  i  s  ch.iptir  discusses  Llie  expcr  iiiien  ta  L  results  obtained 
using  a  bidirectional  thyristor-controlled  (triac)  source  with  a  high 
power-factor  load,  a  R-L  load  and  a  R-C  load.  It  draws  individual 
conclusions  for  each  type  of  load  by  comparing  the  power  readings  by 
meter  types  and  by  comparing  the  average  power  readings  of  the  P-3 
meters,  the  C.H.  meters  and  the  W.ll.M.  The  chapter  concludes  by 
summarizing  Ihe  conclusions  obtained  using  the  thyristor-controlled 
source  with  tin,  various  loads. 

12.1  U ig h  Power  Factor  Load  Test 

This  Lest  wa.s  ci'nducted  using  a  bidirectional  thyristor- 
controlled  source  .-et  at  a  firing  angle  of  90  degrce.s  and  the  high 
power-f.'ictor  Ui.u'l .  Ihe  results  of  this  Lest  are  as  follows; 
a)  Comp.irison  of  i’ower  Ki-adings  by  Meter  Types 

(ri  Urence  table  12.1  and  12.2) 

(1)  Tile  P-'3  miter  readings  were  within  +  2.5  per  cent  of  each 
otlur  for  all  power  measurements. 

(2)  Tlic  C.H.  meter  readings  were  within  +  3  digits  and  +  2.5 
per  cent  of  each  other  for  all  power  measurements  except 
at  the  low  powe'r  measurement  of  AO  watts. 

(3)  Surprisingly,  again,  tlie  "Input  Ovcrlaod"  light  lit  for 
the  C.H.  meter  readings  for  current  values  greater  than 
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b) 


4.00  amps.  It  appears  from  this  indication  that  the  C.H. 
meters  are  sensitive  not  only  to  large  dc  components  but 
to  signals  that  are  nonsinusoidal .  As  was  the  ease  with 
the  Input  Overload  condition  of  chapter  11,  the  actual 
power  measurements  weie  within  the  expected  range  and 
didn't  vary  by  more  than  3.2  per  cent  greater  than  the  P-3 
AVG.  meter  readings. 

(4)  Generally,  the  results  of  this  test  were  similar  to  the 
results  obtained  for  the  sinu.soidal  source  of  Chapter  10. 

Comparison  of  Average  Power  Readings 

(reference  table  12-3) 

(1)  Tlie  C.H.  AVG.  power  readings  were  between  0.5  and  3.2  per 
cent  higher  Chan  the  P-3  AVG.  reading.s. 

(2)  The  W.H.M.  average  power  readings  ranged  from  11.6  per 

cent  lower  to  t) .  9  per  ce'nt  higher  than  the  P-3  AVG. 
readings.  This  result  war.  very  simil.’ir  to  the  result 
('l>tained  with  a  sinusoidal  source  and  a  R-C  load.  The 
results  of  ihi.s  test  i  nd  i  c  .a  L  ...•  tiiai  fen'  a  high-powtn'  factor 
lo.'ii,  o  .'.pee  i  .1 1  I  y  as  the  load  becomes  mor.tly  resistive 
that  the  W.H.M.  has  .i  lendincy  to  spe-'dup.  This 

conclusion  is  in  agreement  with  reference  16,  in  which  the 
article  sc.'itv  s  that  tht'  W.H.M.  has  a  tendency  to  speed-up 
with  nonsinusoidal  currents.  The  results  of  this  test  arc 
not  conclusive,  as  diffenent  results  occured  with  the  R-L 


load  of  section  12.2. 


12.2  Resistive-Inductive-  (R-L)  Load  Test 


This  li'.'jt  was  conducted  using  .i  bidirectional  tliyristor- 
controlled  source  set  at  a  firing  angle  of  90  degrees  and  the  high 
pow<T-lactor  1  o  id  in  si  ries  with  a  69  inilli-henry  inductance.  Tlie 
results  of  this  lest  arc  as  follows; 

a)  Comparison  of  I’ower  Readings  by  Meter  Type.s 
(reference  t.ihUs  12-9  and  12-9) 

(1)  The  l'-3  meter  readings  were  within  +  2  per  cent  of  each 
other  for  .ill  power  measurements  except  for  the  reading  at 
9.51  amps.  The  overall  power  readings  for  this  test  were 
less  than  125  watts  which  resulted  in  all  the  power 
measui >, iiieii  t .  being  taken  at  the  low  end  of  the  P-3  meter 
scale.  As  a  result  of  these  low  power  values  it  was  hard 
to  read  diffi-rences  in  powL-r  when  using  the  P-3  meters. 

(2)  The  C.ll.  meter  readings  were  within  +  2  digits  and  5 .  J 
per  cent  for  all  power  measurements  taken  up  to  the  9.00 
amp  .'letting.  At  current  values  g.reator  than  9.00  amps, 
(Mil.  #1  wa.'i  atlecled  significantly  by  the  increase  in 
induetance  in  the  circuit.  The  maximum  per  cent  d  i  f- 
tcri'nce  between  C.ll.  1  and  C.ll.  wa:;  10.9  per  cent. 
This  result  is  similar  to  the  result  obtained  for  the 
sinusoidal  source  and  R-h  load  (reference  table  10-5). 

b)  Comparison  of  Average  Power  Readings 
(reference  table  12-6) 

(1)  The  C.H.  AVG.  power  readings  were  between  1.7  to  5.9  per 
cent  higher  than  the  P-3  AVG.  readings.  The  main 
difference  occurred  at  low  power  values  (less  than  50 


I 
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watts)  and  was  duo  primarily  to  the  increased  inductance 
in  the  circuit. 

i  I? )  The  W.H.M.  average  power  rcvidings  were  generally  between 
3  to  8  per  cent  lower  than  the  P-3  AVC.  readings  for  all 
values  except  for  the  low  power  readings  below  75  watts. 
At  thi.se  low  power  readings  the  W.H.M.  indicated  a  signi¬ 
ficantly  smaller  reading  of  10.8  to  16.4  per  cent  lower 
than  the  P-3  AVG .  reading.  These  lower  readings  were  a 
result  ol  the  increased  circuit  indtictanct  and  a  corres¬ 
ponding  lower  power-factor  at  these  low  power  values. 

13.3  Resistive-Capacitive  (R-C)  Load  I'est 

This  test  was  conducted  using  a  bidirectional  thyristor- 
controlled  source  set  at  a  firing  angle  of  yO  degrees  and  the  high 
power-factor  load  in  scries  with  a  140  micro-farad  capacitance.  The 
ri'.sults  of  this  test  are  as  follows: 

a)  Comparison  of  Power  Readings  by  Meter  Types 

(refer('nce  table  12-7  and  12-8) 

(1)  Ihe  P-3  meter  reading;;  were  within  +  2  per  cent  of  each 
other  for  all  power  measurements. 

(2)  The  G.H.  meter  readings  were  within  ^  3  digits  and  +^2.5 
per  cent  of  each  other  for  all  power  measurements  except 
at  the  low  power  measurement  of  41  watts. 

(3)  The  Input  Overload  light  again  came  on  for  the  C.H.  meters 
at  a  current  value  of  3.60  amps  and  250  watts.  It  appears 
Irom  this  indication  that  the  C.H.  meters  are  sensitive  to 


nonsinusoidal  signals.  Again,  the  power  reading  at  3.60 


amps  was  only  2  per  cent  higher  than  the  C.H.  AVG . 
read ing . 

(A)  TIu'  tost  current  for  this  test  was  only  Lak.  n  up  to  values 
of  '3.60  amps  because  the  thyristor-controlled  senircc 
would  not  hold  tlie  90  degree  firing,  angle  and  would  resort 
back  to  sinusoidal  operation  as  the  high  power-factor 
load  was  variid. 

(5)  Gtmerally  the  results  of  this  test  were  very  similar  to 
the  results  obtained  for  tlie  sinusoidal  source  of  Chap¬ 
ter  10. 

b)  Comparison  of  Average  Power  Readings  (reference  table  12-9) 

(1)  The  C.H.  AVG.  p.iwer  readings  were  between  0.7  to  5.0  per 
cent  higher  than  the  P-3  readings.  The  main  difference 
occurred  at  low  power  vnlue.s  (less  than  50  watts). 

(2)  The  W.H.M.  average  power  readings  ranged  from  10  per  cent 
lower  to  I  per  cent  higlier  than  the  P-'.i  AVG.  readings. 
The  W.H.M.  showed  a  tendency  to  increase  in  value  compared 
to  the  P-3  AVG.  readings  as  die  capacitive  reactance 
bec.ime  a  more  significant  part  of  the  circuit  load.  This 
result  was  similar  to  the  result  obtained  for  the 
sinusoidal  source-  and  R-C  load  of  Cliapter  10. 

12.4  Conclusions 

The  results  of  using  a  bidirectional  thyristor-controlled 
source  with  a  varying  load  while  measuring  the  average  power  in  the 
Lest  circuit  with  the  P-3's,  the  C.H.'s  and  the  W.H.M.  are  as  follows: 


a)  The  P-3  wattmeter  readings  were  generally  within  ^  2.5  per 
cent  of  each  other  Cor  all  power  measurement. s . 

b)  The  C.ll.  wattmeter  reading.s  were  generally  within  +  3  digit.s 

and  ^2.5  per  cent  for  all  types  of  loads.  There  wa.s  a  slight 
increase  in  per  cent  difference  between  the  ti . H  .  AVC .  readings 
and  the  P-3  AVG .  readings  at  low  power  (less  than  50  watts) 
but  this  was  primarily  due  to  limiting  error  at  the  low  end  of 
the  meter  range.s.  The  only  sign!  I  leant  diflerencc  occurred 
with  C.n.  #1  when  measuring  the  R-L  load  at  current  values 
above  4.00  amps.  The  test  data  of  tables  12-5  and  12-6 

indicate  that  C.H.  #1  was  affected  by  changes  in  power-factor, 
espc'cially  .at  a  lagging  power-factor  of  0.102  where  the  per 
cent  difference  between  C.H.  I  and  u'ithcr  C.H.  ir'l  or  the  P-3 
meters  increased  Co  +  10.6  per  cent.  This  result  is  similar 
to  the  result  obtained  for  tin:  sinusoidal  source  and  R-L  load 
of  Chapter  10. 

c)  Tlic  W.H.M.  reading.s  comparmi  to  tlic  I'-3  AVG.  wattmeter 

reading.s  varied  considerably  depending  en  the  type  of  load. 
For  the  high  power- C.ac tor  load,  the  variation  between  the 
W.H.M.  and  the  P-3  AVG.  reading  ranged  from  11.6  per  cent 

lower  to  0.9  per  cent  higher.  This  result  was  very  similar  to 
the  result  obtaiin.'d  with  a  sinusoidal  sourci-  and  an  R-C  load. 
Tlie  results  of  the  high  power- far  tor  load  test  indicated  that 

the  W.H.M.  has  a  tendency  to  speedup  with  nons inusoida 1 

currents.  This  conclusion  was  in  agreement  with  statements 
made  in  reference  36  in  rog.irds  to  the  W.H.M.  having  a 
tendency  to  :;pi'ed-up  wi  t!i  non-;  i  nusoida  1  currents.  The 
rcsults  of  tltis  high  power-factor  load  Lt.'st  with  regard  to  the 


W.H.M.  spc'cding-up  with  noii-s  i  iiusoida  1  current  is  not  con¬ 
clusive  as  different  results  occurred  with  the  R-L  load.  For 
the  R-L  load,  the  variation  between  the  W.H.M.  and  the  P-3 
AVC.  reading  was  generally  lowered  an  additional  3  per  cent 
and  the  range  of  this  variation  was  between  -2.5  to  -8  per 
cent.  Th  i  .s  increased  difference  was  a  result  of  the  increased 
inductance  in  the  circuit  which  caused  a  considerable  lagging 
power-factor.  This  lagging  power-factor  had  a  significant 
effect  at  low  power  readings  .i.s  tlie  difference  between  the 
W.H.M.  and  the  P-3  AVC.  rt'ading  increased  to  -16.4  per  cent. 
For  the  R-C  load,  the  variation  between  the  W.H.M.  and  the  P-3 
AVG .  rt;ading  varied  between  a  -li)  per  cent  to  a  +  1  per  cent. 
Again,  this  rcsul  t  indicated  that  tlie  W.H.M.  i.s  affected  by 
powo r- f ac t or .  Tlie  effect  of  increasing  capacitive  reactance 
wa;;  that  Che  W.H.M.  reading  increased  and  finally  became 
greater  tli.-in  the  P-3  reading.  Th  i  .s  .speeding-up  of  Clu^  W.H.M. 
occur.';  wicli  a  capacitive  load  and  wa;;  .similar  to  the  results 
obtained  with  the  .sinu.soidal  .source  .ind  R-C  load  of  Chapter 
10. 

d)  Sn  rpr  i ;;  i  ng  1  y ,  tlio  "Input  Overload"  ligiit  lit  for  the  C.H. 
meter  r  adings  for  current  value;;  greater  than  4.00  amps  lor 
the  higli  powif-1  actor  load  and  for  mricnt  values  greater  than 
3.6  amps  for  the  R-C  load.  Tin;  lighting  of  the  Input  Overload 
light  appears  to  indicate  that  tlie  C.H.  meters  ari'  sensitive 
not  only  to  l.iige  ile  eomponeiits  hut  also  to  non-s  inusoida  1 
signal:,  above  a  euirent  rang.i  ot  i .  0  amp.s.  A;;  was  the  ease 
with  the  Input  Ovirload  coiiditiiin  of  Chapter  11,  the  actual 


power  measurements  were  within  the  expected  range  and  didn't 


vary  by  more  than  4.8  per  cent  itreati-r  tlian  tin  P-3  AVG.  meter 
read ings . 
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readings  arc  subject  to  error  as  the  "INPUT  OVER- 


+1.0  +0. 


Note:  XXX. X  for  C.H.  AVG .  watts  reading  is  subject  to  error  as  the  "INPUT  OVERLOAD' 
light  was  lit;  however,  the  reading  appears  to  be  wthin  the  expected  range. 


PART  Ill 


THIiS  IS  CONCLUS  IONS  /  RECOMMEND  AT  IONS 


CHAPTEK  13 


TllES  I S  CONCLUS  IONS/  KECOMMENDAT IONS 

'rtiis  chaptor  st.ic.’s  the  gc'iicral  conclusion  drawn  from  this 
thesis  work  as  wi'lt  as  summarizing  tlic  specific  conclusions  drawn  from 
the  experimental  work  done  in  Part  II.  It  concludes  by  making  some 
specilic  recommendations  concerning  the  typo  of  meter  to  use  when 
making  single-phase  power  mcasur emen t ,s  and  by  making  some  specific 
recommendations  concerning  possible  additional  research  th  .t  can  be 
done  with  io.-gard  to  mea.suring  singl  e-pliasc'  non-sinusoidal  power. 

1  3  .  1  'I'lie  ;;  i  s  1  n:'.  i  oii_s 

The  jo  imiis  eh  j.-,  live?,  ot  tliis  thesi.s  wer  ■  to  be  al)  1  e  to 
measure  accura-eiv  e  i  lu; !  e-plias«.'  power  whin  luin- i  nuso  i  d  a  1  or  dc 
current  compoii'-ni  s  are  piiSiul  anil  to  determine  which  t  ypi'  ot  power 
meters  are  most  aceurate  and  are  less  affecteij  bv  these  non- s  i  nu.so  i  da  1 
or  dc  current  variations.  The  secondary  objectives  of  this  thesi.s  were 
the  fol lowing : 

a)  to  define  the  basic  power  de  1  i  n  1 1  i  i-ins  as  .soc  i  .a  t  id  with  sinu¬ 
soidal  power,  non-sinusoidal  powci  and  power  factor, 
h)  to  heeoiin.  l.imili.ir  with  and  niuh' r s t  .nid  the  basic  operation  of 
somi-  of  the  different  metering  equipment  available  lor 
measuring  single-pha.se  power  and  energy, 
c)  to  detino  mensureinenl  standards  and  types  f  measurement 


errors . 


1 


d)  to  define  the  basic  definitions  for  precision  and  accuracy, 
especially  as  applied  to  power  measurements. 

e)  to  become  familiar  with  and  under.stand  tiic  specific  operation 
of  tlie  Clarke-llcss  digital  wattmeter,  tlic  General  Electric 
F- d  electrodynamic  wattmeter,  and  tlie  General  Electric  in¬ 
duction  watthour  meter. 

f)  to  become  familiar  with  and  understand  the  factors  which 
affect  the  accuracy  of  the  Clarkc-Hess  digital  wattmeter,  tlie 
General  Electric  P-3  c lee trodynami c  wattmeter,  and  the  Gen¬ 
eral  Electric  induction  watthour  meter. 

g)  to  verify  by  experimental  testing  which  types  of  meters  give 
accurnt<.i  measurement  of  sinusoidal  and  non-s  i  nusoidal  power. 

Considering  first  the  question  of  whether  the  secondary 
objectives  of  this  thesis  were  met,  the  answer  is  yes.  The  secondary 
ohji'Ctives  were  met  through  the  extensive  literature  search  and 
through  till-  (.'.xpi'fimental  work  done  in  Part  11  of  this  thesis. 
Generally,  it  can  be  concluded  that  a  geiu'ral  knowledge  of  how  power 
and  energy  meters  work  and  of  what  type  of  errors  can  exist  when  taking 
power  measurements,  as  well  as  a  specific  knowledge  of  the  specific 
operation  of  the  various  power  and  energy  meters  tested  and  tlie  factors 
which  affect  the  accuracy  of  these  meters,  was  gained  in  fulfilling 
these  secondary  tliesis  objectives. 

Considering  now  the  question  of  whether  the  primary  ob¬ 
jectives  of  thi.s  thesis  were  met,  the  answer  is  yes.  The  main 


objectives  of  this  thesis  were  to  bo  able  to  measure  accurately  single- 
phase  sinusoidal  and  non-simisoidal  power  and  to  determine  which  types 


of  power  and  energy  meters  are  most  accurate  and  arc  less  affected  by 
non-simiso  idal  power  variations.  Considering  the  first  objective  of 
being  able  to  mi-.isure  accurately  s i  iig le-plia ;:c  sinusoidal  and  non- 
sinusoidal  power,  the  conclusions  that  were  drawn  are  the  following: 
a)  Accuracy  is  defiiu'd  |  10 1  as  the  (jual  ity  which  characterizes 
the  ability  of  a  measuring  in.sirument  to  give  indications 
equivalent  to  the  true  value  of  the  quantity  measured  and  is 
expressed  in  terms  of  tolerance  or  uncertainty.  Since  it  was 
impossible  to  express  the  ab.solutc  cpiantity  or  true  value  of 
the  power  quantities  measured  in  this  thesis  and  since  the 
transfer  standard  (P-'l  e  Icctrodynamomctcr  wattmeter)  had  a 
limiting  error  or  tolerance,  the  i>nly  real  determination  that 
couUl  be  made  w.i.^  a  comparative  analysis  of  the  various  test 
meters  against  each  otl\er.  This  comparative  mctliod  was  used 
in  the  e  xpe:r  iment  .a  1  work  in  Part  II  of  thi.s  Llu'sis  and  was  not 
cxpi'cied  u>  g.ive'  .111  absolute  value  el  power  but  was  expected 
t('  show  liow  a  coraparativ  range  nr  relative  degree  ol 
unci-rtainty  exist  s  between  mctt'rs  of  tlio  same  type  and  between 
meters  of  different  types.  I'he  following  are  the  general 
results  of  the  experimental  work : 

(1)  Tht'  P-3  wattmeter  readings  were  generally  within  2  per 
cent  of  eacli  other  for  all  power  readings. 

(2)  The  C.ll.  wattmeter  readings  were  generally  within  +  3 
digits  and  3  per  cent  of  each  other  for  all  power 
read ings . 

(3)  The  C.H.  AVG .  power  readings  were  generally  0  to  3  per 
cent  higher  than  the  P-3  AVG.  readings. 


(4)  Tho  W.ll.M.  ;ivcr<'igcd  power  readings  compared  Co  Che  P-3 
AVG.  power  readings  varied  considerably  depending  on  boCh 


tlu'  Cype  of  source  and  the  Cype  of  load  used.  This 
difference  in  readings  range-d  from  19.6  per  cenc  lower  to 
0.9  per  cent  higher. 

b)  Considering  accuracy  as  defined  in  a)  above  and  realizing  that 
most  power  measurements  in  the  field  would  be  conducted  in  a 
similar  manner,  it  can  be  concluded  that  Che  P-3  wattmeters 
and  die  G.ll.  wattmeters  give  accurate  indications  of  the  power 
con.sumed  in  .1  circuit  on  sinusoidal,  non-s inus oida  1  and  half- 
wave'  rectified  (where  a  dc  component  is  present)  power 
measurements.  The  accuracy  of  the  W.ll.M.  ,  based  on  the 

limited  testing  done  in  this  thesis,  is  questionable  as  large 
variativins  in  averaged  power  readings  did  occur,  especially 
at  low  power  (less  than  75  watts)  readings. 

Considering  tlie  second  main  objective  of  thi.s  thesis  of  being 
able  to  determine  which  types  of  power  and  energy  meters  arc  most 
accurate  and  are  less  affecti'd  by  non-sinusoidal  I'ower  variations,  the 
c  one  1  us  i  on  s  that  were  drawn  are  the  lolU'wiug,  : 

•  i)  'file  general  conclusions  concerning  the  accuracy  of  the  types 
ill  mi  ters  tested  is  summarized  under  tlie  first  main  objc'ctive 
above.  Some  .add  i  t  i  v'lia  1  coiic  1  u  s  i  on  .s  concerning  the  accuracy 
of  tlu'  meters  tested  are: 

(1)  All  meters  tested  varied  non-linearly  at  times.  Meters  of 
the  same  type  would  vary  (at  times  being  greater  or  less 
than  tlie  other  meter)  ilcpeiiding  on  the  type  of  source,  the 
type  of  load,  or  the  current  value  in  the  circuit.  This 


vai  l;iLioii  w.i.s  noL  critical  but  is  important  in  realizing 
that  correction  curves  for  each  meter  are  necessary  to 


accuirately  compare  meters.  Tliere  wt:re  no  correction 
curv(!.  availal)le  for  the  C .  11 .  meters  or  the  W.H.M. 

(2)  The  accuracy  of  tlu'  powi-r  and  energy  meters  at  the  low  end 
vif  their  stal'  is  suliji..  t  lo  Isith  gi’ess  (human)  and 
limilin;;  erio;  .  This  limlliip;  en  m‘  ■■■.’.is  a  lactor  for  all 
nu  ters  te.stid.  ,u  v.iltu  .■  1.  ;s  than  jO  watts  and  was 

esjiecially  nelici.il'K  whv.’.i  trying  Lo  read  and  eompare  the 
H- i  .ind  the  W.H.M.  power  readinjps. 
b)  The  general  conclusion.';  drawn  in  determining  wliich  meters  are 

affected  lea.si  l)y  non- s  i  nuso  id  a  1  power  variations  are: 

(1)  The  T-J  meters  were  affected  least  by  non-sinusoidal 
power  variations.  The  i’-d  meters  were  not  affected  by 
eithir  the  hal f-wave  rectified  or  the  thyristor-con¬ 
trolled  sourci-  nor  were  they  affected  by  changes  in  load. 

(2)  Tlu  C.Il.  meters  generally  responded  well  to  non-sinu- 
soid.'il  power  variations.  The  test  data  did  indicate  that 
T.ll.  ■•‘1  was  af  fee  ted  hy  changes  in  power- factor  during 
te.st  ing  with  tin-  K-I,  load.  C.H.  1  had  a  tindcncy  to  read 
noticeably  liiglier  than  either  C.H.  42  or  the  P-d  meters  on 
K-I.  loads  with  both  the  siniuioidal  and  the  thyristor 
control  le<l  soiiree. 

(d)  Snr  |)r  i  .s  i  ng  1  y  ,  the  "Input  (lv<.:rload"  light  lit  lor  the  C  II. 
metir  re.adin);s  of  composite  ac  and  de  current  values 
greater  than  A  .  1)  .amps  for  the  h.il  f-wave  rectified  source. 
The  "Input  Overload"  light  also  lit  for  current  values 


grc'.itcr  than  ■>  .0  amps  lor  Llic  liigl}  power- f ac  Lor  load  and 
lor  current  values  greater  than  3.6  amps  for  the  R-C  load 


for  tlie  thyristor-  controlled  source.  Tlie  lighting  of  the 
Input  Overload  light  is  an  indication  that  tiic  C.H.  input 
network  is  sensitive  not  only  to  signals  with  a  large  dc 
component  but  also  to  non- s inusoidal  signals  above  a 
current  range  of  approximately  3.6  amps.  It  should  be 
noted,  however,  that  analysing  the  C.H.  readings  when 
this  Input  Overload  condition  existed  indicated  that  the 
power  readings  were  still  within  the  expected  range  and 
were  less  than  5  per  cent  high  compared  to  the  P-3  AVG . 
read ing . 

(4)  The  W.H.M.  seemed  to  be  affected  more  by  tlie  type  of  load 
rather  than  the  type  of  source.  As  mentioned  earlier,  the 
variation  in  average  power  reading.s  varied  considerably 
based  on  the  load.  This  was  an  indication  that  the  W.H.M. 
was  affected  s  i  gni  f  icant  1  y  at  the  low  (.uid  of  its  power/ 
energy  range  by  the  power-factor  oi  the  circuit.  Gener¬ 
ally,  the  W.H.M.  read  cons i dcr ah  1  v  lower  than  the  !'-3  AVG. 
reading  for  the  R-l.  load  and  had  a  tendency  to  read  higher 
than  th(^  P-3  AVG.  ri-ading  for  the  R-C  load.  This  is  a 
direct  indication  of  what  excessive  inductive  or  capaci¬ 
tive  reactance  can  do  to  the  operation  of  Lin:  W.H.M. 

(5)  Since  the  W.H.M.  docs  not  measure  dc  power,  it  was 
expected  that  the  power  readings  for  the  half-wave 
rectified  source  would  be  much  lower  than  the  values 
measured  by  the  P-3  meters.  Based  on  the  limited  tests 


pi' r  Loniicd  cluriii};  Lhis  Uho.sis  wurk  this  was  imL  tlii'  c.asi:. 
An  .•mswcr  Lor  this  apparant  con t r ad  i s  t  i i  n  was  thal  the 
voltage  component  was  always  sinusoidal  and  that  the  dc 
component  of  current  did  not  cause  a  .significant  cllcct  on 
the  current  coil  iluxes.  A  more  detailed  investigation 
into  the  operation  i.>l'  the  W .  11 .  M .  when  large  dc  voltage  and 
cnirent  eompontntt.s  are  citlu'r  individually  or  jointly 
pre.snC  should  be  leoked  at  in  the  future. 

13.2  Tlicsi.s  Roeomineiidat  i  mt 

Thi-  following  are  some  general  rccommendat  ion;;  ri-gardii.g  the 
incLors  used  in  tliis  thitsis  as  well  as  some  speeifie  recommendations  wr 
future  rc.search  in  tin;  area  t'f  measuring,  accurately  sing  I  e-pha.si  power 
.and  energy: 

Ceiier  ,1 1  Ree ommi-ndat  ions  : 
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1) )  Ceni' ra  I  1 V ,  the  r-3  wattmeter  was  the  most  oon.sistent  pi.r- 
li'rrain;’,  mi-ter  used.  The  varialion.s  between  the  l’-3  meters 
were  small  and  predictable;  whereas  the  variation  between 
C .  It .  meters  for  the  K-L  load  were  large  at  cnrriiit  values 


g r  e a  ter  than  4.0  amp s . 


c)  Tlu'  I’-J  mclcrs  offer  the  .id v^in !: ;ige.s  of  being  accurate,  of 
being  easy  to  use,  of  being  capable  of  operating  up  to  10  amps 
and  200  volts,  of  being  compact,  and  of  being  able  to  operate 
will. out  a  powiT  supply.  The  main  disadvantage  of  the  P-3 
meter  is  it.s  poor  resolution  at  low  power  (less  than  50  watts) 
readings.  The  cost  of  the  P-3  iiu'ter  compared  to  the  C.H. 
digi tal  iseter  is  not  available  as  P-3  meters  arc  no  longer 
manii  f  .ac  Lured  . 

d)  The  C.li.  meters  offer  the  advantages  of  being  accur.ite,  of 
being  eap.able  of  operating  .it  various  currtinL  ranges  up  to  3 
amps  .md  minus  volt.ige  r.ang.es  up  to  1000  volts,  of  having 
v.'irious  I'ower  raiv.'.e-s  which  allow  power  measurements  up  to  500(1 
wall:'.,  and  .if  h.aving  .in  expanded  power  range  (PxlO)  for  better 
ta'soluti  'i;  at  low  current  and  power  valvn.:',.  Some  dis- 
ad  vaiU  .■|■,’^■s  ol  ('.11.  meters  are:  iIkv  li;i\'e  a  tendency  to  drift 
irom  calibration,  they  ari.'  mori.:  complicated  to  use,  there  are 
mure  tliinc.;;  that  can  gi>  wrong  witli  them  (eg.  blown  fuse, 
eoi.iponents  are  more  temperature  sensitive),  they  require  a 
powv.'r  supply  and  they  are  not  as  conqiact  as  the  P-3  wattmeter. 

;lj^e  c  i  f  i  I  Recoinmen.!  .1 1  i  on 

a)  It  was  I  ound  from  the  experimental  testing  that  the  C.H. 
meters  developed  a  problem  wliero  the  "Input  Overload"  light 
lit  lor  ciirrinl  values  Ks.s  than  5  .imps  for  the  half-wave 
rectilied  and  tlu  tliyr  is  tor-con  t  ro  1  1  od  source.  This  is  an 
indieatiiin  that  tlu:  C.H.  input  network  is  sensitive  not  only 
til  signals  with  a  large  dc  c  osiiionent  but  also  to  non- 
sinus. lidal  signals  above  a  current  range  of  3 .  (i  amps.  It 


,'icoins  biscd  on  these  test  results  that  the  specified  input 
ranp,e  of  U  to  5  amps  may  need  to  he  clarified  to  state  that 
a  uon-stnusoidal  signal  or  a  signal  with  a  large  dc  component 
may  result  in  an  Input  Overload  condition  at  composite  current 
values  of  less  than  5  amps. 

Since  the  W.ll.M.  docs  not  measure  dc  power,  it  was  expected 
that  the  power  readings  tor  the  lialf-wave  rectified  source 
would  1)(  much  lower  than  tin-  valiu-.s  nicasun.’d  with  the  P-3 
meterrs.  Hast'd  on  the  limiled  tests  performed  during  this 
the.sis  work,  this  was  not  the  ca.se.  'iin'  effect  ot  dc 
ci,)mponcnts  on  the  operation  of  tlic  W.H.M.  causid  by  half-wave 
r<'cttfied  or  thyr  istor-contiu'l  led  circuits  should  be  in¬ 
vestigated  further.  Much  rest^arch  has  hern  done  considering 
the  effects  of  harmonics  on  W.H.M.  operation  but  little  or  no 
re.search  has  been  done  considering  the  effeet  of  dc  voltage 
and  curr<'nt  components  on  W.H.M.  operation.  It  wovild  be  good 
to  include  in  this  future  testing,  load  side  energy  measure¬ 
ments  where  both  the  voltage-  aiui  eurrent  waves  could  lu;  non- 
.';iuusoidal  and  contain  a  dc  eomponeiU  . 

It  was  found  that  excessive  iiiducLivi-  reactance  would  cause 
Mie  W.H.M.  to  .'jIi.'w  down  aiul  that  i:xccssivi'  capacitive 
reactance  wcjuld  cause  the  W.H.M.  to  speedup.  Since  both 
serii^s  and  paralle-l  c.ipacitor  banks  are  used  lor  power- factor 
control  on  i  nclu.s  t  r  i  .1 1  powe-r  ;;  v,-:  t  em;;  ,  it  wo\ild  bc  interesting 
Ic  investigate  if  these  capacitor  bank.-,  cause  the  W.H.M.  or 
ii  In-. trial  eompli'Xcs  to  speedup  ■  xi,  e :.  s  i  ve  1  y  . 
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APPENDIX  1 


List  of  I'Uiuipincot  U:.cct  in  1- y.pcr  inu  iU  .1 ).  Work 


1.  Sources; 

(n)  120  V,  fjO  !lz  singlo-plijso  (piMvidi-'J  to  lob  t.ible  '-4  in  room 
EE  0-2) 

(b)  120  V  !Si-ci  ir.:c  t  i  on;i  1  'i'hyristor  ('I'riac)  l-'iring  Circuit 

(c)  IbO  V,  8  A,  Type  EMC  7817-113210  Diode 

(d)  0-30  V/0-225  mA  Variable  dc  Supply,  Hew h; t t-Packard ,  Model 
721A,  SN.  310-17870 

2.  Digital  Meters; 

(a)  O-IOOO  V/0-5  A  Digital  V-A-W  Meters,  Clarko-Hcss,  Model  255 
resistance  of  5A  current  circuit  (28  milli-ohms) 

>-csistaacc  of  vc'ltagi.'  circuit  (5  meg-ohms) 

Date  last  calibrated:  SN-656  -  Dec  80  -  C.H.  #1 

SN-5955-  Jun  82  -  C.H.  #2 

(b)  0-750  Vac/0-1000  V  dc/O-lOA  Digital  Multimeter,  Fluke, 

Model  8010A 

D;it\'  last  calibrated;  SN  #29454  75  -  Jun  82 

SN  #2955021  -  Fob  83 

3.  Analog  Meter.s; 

(.1)  500/1000/2000  W  F.U-c  trodyn.amometcr  Wattmeters,  General  Elec¬ 
tric  Type  P-3 

resistanc'.'  of  5  A  enrre-nt  coil  (80  milli-ohms) 
resistance  of  10  A  current  coi )  (18  mi  1  1  i-.dmus ) 
resistance  of  100  V  voltage  coil  (5.5  kilo-ohms) 
resistance  of  200  V  voltage  coil  (11. 0  kilo-ohms) 
self-inductance  of  5  A  current  coil  (110  mic ro-henry s ) 
se  1  f- i  nduc t.anco  of  10  A  current  ciiil  (28  micro-honrys) 
sc  I  f- i  tiduc  taiice  of  100  V  voltage  coil  (5  m  i  1  1  i-henry  s ) 
sclC-inductancc  of  200  V  voltage  coil  (5  mil  1 i -henrys) 

Date  last  calibrated;  SN  773227474  -  Jun  82-  p-3  #2 

SN  #3671742  -  Jun  82-  P-3  #1 


(b)  240  V/10  A  Induction  Watthour  Meter,  General  Electric, 
Type  VM-63-S 

FM-5S,  Class  10,  TA-2.5,  Kh-2.4 

resistance  of  current  coils  in  series  (50  milli-ohras) 
resistance  of  the  voltage  coils  in  parallel  (154  ohms) 
self-inductance  of  current  and  voltage  coils  (unknown) 

Date  last  calibrated;  SN  if64-j91-823  (Unknown) 

4.  Electronic  Counter,  Hewlett-Packard,  Model  521C,  SM .  2932 

5.  Filter  Reactors  (inductors),  Triad-Utrad  (Four) 
rated  8  mil  at  10  A  dc  -  resistance  (0.05  ohms) 

32  rail  at  5  A  dc  -  resistance  (0.19  ohms) 

6.  Inert  ion  Capacitors,  We.stinghon.se  (Two) 

rated  25  F  at  600  V  dc  Type  1818221 

7.  Hank  of  Capacitors,  Cor ne 1 1 -Dub i 1 icr  (Fourteen) 

rated  10  F  at  2000  V  dc 

8.  Non-inductive  Shunt 

rated  0-3  A  at  resi.stance  of  0.10  ohms 

9.  Variable  Resistance  (Two) 

rated  O-llO  oliins  at  7  A  maximum 

10.  Variable  Resistance,  Ohmite 

rated  0-25  ohms  at  6.5  A  maximum 


